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SUMMARY

The Paris Agreement’s temperature goals require global CO2 emissions to halve by 2030 and reach net zero
by 2050. CO2 capture and utilization (CCU) technologies are considered promising to achieve the tempera-
ture goals. This paper investigates which CCU technologies—using atmospheric, biogenic, or fossil CO2—
are Paris compatible, based on life cycle emissions and technological maturity criteria. We systematically
gathered and harmonized CCU technology information for both criteria and found that CCU with technology
readiness levels (TRLs) of 6 or higher can be Paris compatible in 2030 for constructionmaterials, enhanced oil
recovery, horticulture industry, and some chemicals. For 2050, considering all TRLs, we showed that only
products storing CO2 permanently or produced from only zero-emissions energy can be Paris compatible.
Our findings imply that research and policy should focus on accelerating development of CCU technologies
that may achieve (close to) zero net emissions, avoiding lock-in by CCU technologies with limited net emis-
sion reductions.
INTRODUCTION

In the 2015 Paris Agreement, almost all of the world’s nations

committed to collectively hold ‘‘the increase in the global

average temperature to well below 2�C above pre-industrial

levels and pursuing efforts to limit the temperature increase to

1.5�C above pre-industrial levels.’’2 This is also known as the

Paris Agreement’s long-term temperature goal (LTTG). Climate

change mitigation pathways with ‘‘no or low overshoot’’ of

1.5�C3 are compatible with the Paris Agreement’s LTTG4–7 and

characterized by two key numbers: in 2030, global net anthropo-

genic carbon dioxide (CO2) emissions are halved compared with

2020 emissions, and in 2050, net CO2 emissions are zero.3 This

net zero CO2 target implies that no sector can be excluded from

deep emission reductions, that some technologies that still have

significant emissions need to be phased out, and that a range of

technologies is required to reach these emission reductions.

Carbon (dioxide) capture and utilization (CCU) is among these

options for potential emission reduction and is defined here as a

process in which CO2 is technologically captured fromCO2 point

sources or ambient air and is subsequently used in or as a prod-

uct. The reason why CCU could contribute to climate change

mitigation is that it replaces fossil feedstocks, avoids upstream

emissions, and temporarily keepsCO2 out of the atmosphere un-

til re-emitted in the use phase of the product.8–13 CCU is distin-

guished from (permanent) carbon dioxide removal (CDR) of at-

mospheric CO2. The two terms only overlap when CO2 in a

CCU product has recently been removed from the atmosphere

and is never re-emitted.14 CCU appeals to policymakers and
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the general public because it is seen as part of the circular econ-

omy and a form of sustainable waste processing.15 It also ap-

peals to industry because CCU creates value from waste

through CO2-based products16,17 while avoiding the storage

costs and concerns of geological storage of captured CO2,

known as carbon (dioxide) capture and storage (CCS).18

However, the relevance of CCU in climate changemitigation is

questioned in the literature, based on several concerns: (1) CCU

products may not always substantially reduce emissions

compared with their conventional counterparts that do not

require the energy-intensive CO2 capture and conversion

steps;19–22 (2) utilization of captured CO2, rather than permanent

geological storage, may result in a higher global warming effects

because utilized CO2 is typically re-emitted when the CCU prod-

uct is used or disposed of;16,19 (3) CCUmay not be economically

feasible because of the high financial costs associated with the

energy-intensive CO2 capture and conversion steps;19,23 and

(4) CCUmay form a political distraction from reducing CO2 emis-

sions, in particular when replacing CCS, because the scale at

which CO2 could be utilized is limited compared with the scale

at which CO2 could be stored geologically.21

The goal of this review is to provide conceptual clarity on what

CCU is andwhat can be expected fromdifferent CCU technolog-

ical routes, in particular in reaching the Paris Agreement’s LTTG.

We first describe the different process steps and varieties of

CCU technologies. Next, we present a framework to assess

‘‘Paris compatibility’’ in the context of CCU, using criteria based

on technological maturity and greenhouse gas emissions reduc-

tions. We then show the results of a systematic review of the
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Figure 1. Scope of CCU
This overview of CCU includes sources of CO2 (A), capture of CO2 (B), and examples of utilization processes (C) leading to different CCU products in four
categories (D), each with its substituted product in the conventional economy (E) and lifetime (F). CO2 capture via terrestrial biomass (top process under ‘‘capture
of CO2’’) is not included in the this paper’s CCU definition.
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CCU literature following this framework. Last, we discuss our

findings and provide a research and policy outlook for climate

change mitigation through CCU. For an overview of acronyms

used, see Note S1.
WHAT IS CCU?

Scope of CCU
In line with our definition of CCU, we defined six key character-

istics of CCU (Figure 1):

(A) Sources of CO2. CO2 can originate from fossil fuel or

biomass combustion in power plants or industrial plants,

from industrial processes such as the calcination reaction

in cement production or biomass fermentation, or from

the atmosphere directly using direct air capture (DAC).

(B) Capture of CO2. CO2 is captured technologically on an in-

dustrial scale by separating CO2 from a bulk gas stream

or the atmosphere using a solvent or sorbent, a mem-

brane, cryogenics, or industrially cultivated organisms,

such as microalgae, to photosynthesize CO2 into

biomass.

(C) Utilization of CO2. CO2 is used directly or indirectly by

converting CO2 into a range of products, often requiring

electricity, heat, and/or catalysts.

(D) CCU categories. The resulting CCU products can be

categorized as direct uses, enhanced hydrocarbon re-

covery (EHR), mineral carbonates and constructionmate-

rials, and fuels and chemicals.
(E) Substitute. A CCU product is assumed to replace a prod-

uct in the conventional economy with the same chemical

structure, composition, or characteristics, typically pro-

duced from fossil fuels and referred to as the substitute.24

(F) CCU lifetime. CO2 is, depending on the CCU product,

stored permanently or released into the atmosphere after

a certain period of time, called its lifetime, ranging from

days to centuries. For example, for fuels, the utilized

CO2 is emitted into the air upon combustion. For the pur-

pose of this paper, we define storage as reaching perma-

nency when it has a duration consistent with geological

timescales: centuries or longer.

Because we consider CCU for climate change mitigation, we

exclude the use of CO2 from natural reservoirs because this

source of CO2 does not reduce atmospheric CO2 concentra-

tions.25 Our definition of CCU constrains CCU to processes

that ‘‘technologically capture CO2,’’ including industrial and en-

gineered biological processes such as CO2 capture from flue

gases by microalgae, and excluding land-based CO2 sequestra-

tion in biomass (in contrast to, for example, Detz and van der

Zwaan13 and Hepburn et al.11). Use of biomass for energy and

materials is therefore also not in the scope of this review.

CCU is sometimes connected to CDR. CDR is a necessity to

limit warming to 1.5�C3 and has been defined as ‘‘anthropogenic

activities removing CO2 from the atmosphere and durably stor-

ing it in geological, terrestrial, or ocean reservoirs, or in prod-

ucts.’’14 CDR includes methods like bioenergy with CCS

(BECCS) and direct air CCS (DACCS).26 CCU can only be classi-

fied as CDR, following the criteria formulated by Tanzer and
One Earth 5, February 18, 2022 169
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Ramı́rez,27 when (1) physical CO2 is removed from atmosphere

by capturing CO2 directly from the air or capturing CO2 from a

biogenic source, (2) the CO2 is stored permanently and not

re-emitted to the atmosphere at a later point, and (3) the net

quantity of CO2 stored permanently through CCU is greater

than the quantity of CO2 emitted over the product’s full life cycle,

including use of the product and the emissions associated with

the energy required for the CO2 capture and conversion pro-

cesses. When the criteria for CDR are not met but the life cycle

emissions are lower than for the substituted product, CCU is

considered a climate change mitigation measure. Avoided emis-

sions compared with the substituted product may be presented

as a negative number but should not be confused with physical

removal of CO2 from the atmosphere.27

Capture of CO2

CO2 capture from a point source

CO2 is typically captured from a point source, such as flue gas

streams at power plants or industrial plants, or from industrial

processes where CO2 is produced as a by-product. Capturing

CO2 from a bulk gas stream entails separating the CO2 from

the rest of the stream. Sometimes CO2 separation is already

required in the primary production process; for example, in

ammonia synthesis, natural gas processing, and biogas upgrad-

ing to biomethane.28 This leads to a high-purity stream of CO2

along with the primary product.

Depending on the concentration and components present in a

gas stream, one of three main separation processes may be

most suitable29: (1) absorption of CO2 in a liquid solvent, (2)

adsorption of CO2 onto a solid, and (3) using a membrane to

separate CO2 through selective permeability.30 In CO2 absorp-

tion processes using amine-based solvents like monoethanol-

amine, CO2 is chemically bound, and then the CO2 is stripped

to allow the solvent to absorb CO2 again in the next cycle. This

is called regeneration of the solvent and requires heat. Besides

single-amine absorption, amine blends are in development

where amines are combined for complementary characteristics.

An integrated CCU process has also been proposed to reduce

the overall energy demand, absorbing CO2 from raw natural

gas in methanol, after which conversion takes place.31 Other de-

velopments include ionic liquids, which are liquids composed

entirely of ions with amelting point of less than 100�C.32 Physical
adsorption research has focused on improving the adsorbents

as well as the adsorption processes of regeneration.32 Alterna-

tives, like high-temperature solid adsorption of CO2, require

less energy input for regeneration compared with low-tempera-

ture liquid absorption.33–35 Use of membranes for CO2 separa-

tion is based on creating configurations especially for CO2 selec-

tivity from polymer or ceramic materials.33

Other emerging CO2 capture technologies are high-temper-

ature solid looping systems: calcium carbonate looping,

where calcium oxide is used as a sorbent that binds CO2 to

form limestone, and chemical looping combustion, where a

metal oxide is used to separate CO2 from other components

in the flue gas, foregoing the need for gas separation, followed

by an exothermic metal oxide regeneration reaction.32,36

Cryogenic systems are based on the differences in the tem-

perature and pressure at which constituent gases in flue gas

become liquid, removing CO2 from the bulk stream by cooling
170 One Earth 5, February 18, 2022
and condensation.33 CO2 from a point source can also be

captured photosynthetically or electrosynthetically into

biomass by living organisms:15,37 microalgae are cultivated

at CO2 concentrations of 5%–20%, making flue gas a suitable

source, and have a conversion efficiency of solar energy into

chemical energy higher than that of terrestrial plants (3%–

8% instead of 0.5%).38 Co-location of the facility at the site

of the point source is important to avoid the need for trans-

porting flue gas.39 Other options for biofixation include micro-

organisms such as acetogenic bacteria40 or anaerobic CO2-

sequestering bacteria.38

CO2 capture from ambient air

DAC of CO2 can be performed using a range of separation pro-

cesses. Because atmospheric CO2 concentrations (approxi-

mately 400 ppm) are 100–300 times lower than for point sources,

energy requirements, and therefore costs, for DAC are substan-

tially larger than for point source capture.41,42 Expert elicitation

leads to expected cost declines to around 200 US dollars

(USD) per ton of CO2 captured by 2050,43 still higher than the

15–35 USD per ton of CO2 captured for high-purity point sources

and 60–120 USD per ton of CO2 captured for lower-purity point

sources; e.g., steel or cement production.17,44 An exception

would be when lower-purity CO2 streams are sufficient, such

as for microalgae.45 The two main categories of DAC methods

are based on (1) amine-functionalized solid sorbents, which

require regeneration at low temperatures or via moisturizing,46

and (2) alkaline hydroxide capture solutions, which require

high-temperature solvent regeneration.47 Less energy-intensive

regeneration processes are under development, including elec-

trochemical regeneration48 and bipolar membrane electrodi-

alysis.49

Utilization of CO2

Direct uses of CO2

CO2 can be used directly, without conversion, in several sectors.

In horticultural production, elevating CO2 concentrations in

greenhouses increases crop yields by approximately 50%.50

This process is called CO2 enrichment and is traditionally

achieved by combustion of fossil fuels such as diesel50 or natural

gas,51 which has the dual purpose of greenhouse heating.

Becausemore CO2 is required to reach the desired CO2 concen-

tration than is produced for heat, captured CO2 can be used.50

CO2 can also be used directly as a refrigerant for supermarket

applications, replacing hydrofluorocarbons with higher global

warming potentials,52 reducing risks of leakage and associated

global warming effects.53 CO2 can also be used as a carbonating

agent in sugar production and soft drinks, as a solvent for extrac-

tion of flavors, in the decaffeination process, as dry ice, in fire ex-

tinguishers, and in the pharmaceutical industry as a respiratory

stimulant.16,21,54

EHR

Enhanced oil recovery (EOR) is a method where CO2 is injected

into the subsurface to recover oil from almost depleted reser-

voirs. EOR is a mature technology that has been practiced

commercially for decades, starting in the early 1970s in North

America.25 Similarly, CO2 can be used to recover natural gas

from coalbeds (enhanced coalbed methane [ECBM]), although

there are currently no active ECBM projects.55 Although the

source of CO2 for EHR is typically natural CO2 reservoirs (not
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part of our definition of CCU), EHR can also be performed with

CO2 captured from point sources or DAC.45

Mineral carbonates and construction materials

Mineral carbonation is a process where CO2 reacts with magne-

sium or calcium oxides, -hydroxides, or -silicates in an

exothermic reaction, forming stable carbonate products;56 ex-

amples of magnesium- or calcium-rich materials are mined min-

erals57 or industrial residues such as slag from steel produc-

tion,58,59 red gypsum,60 fly ash,61,62 or desalination brines.63

These processes can be categorized into direct or indirect

carbonation processes.59 In the direct carbonation process, a

gas-solid reaction takes place betweenCO2 and the groundmin-

erals. The produced carbonates can be used in concrete,

asphalt, and other construction practices.64 In the indirect

carbonation process, magnesium or calcium ions are first ex-

tracted in an alkaline solution, and then they react with CO2 to

form precipitated magnesium carbonate (PMC),63 precipitated

calcium carbonate (PCC)59 or nano-calcium carbonate

(NCC).65 These carbonates can be used as a pigment or filler ma-

terial in production of paper, plastics, and pharmaceuticals.66

CO2 can be used to cure concrete, absorbing CO2 instead of

steam in the hardening process. Steam-cured concrete normally

re-absorbs roughly 30% of its production’s CO2 emissions dur-

ing its lifetime,67,68 so emissions are not reduced by CO2-accel-

erated curing in itself. Instead, the reduction is achieved because

of the lower steam requirement69 and the improvements in me-

chanical properties, reducing the amount of cement

required,70–72 in a similar way as addition of ‘‘cementitious’’ ma-

terials like carbonated minerals reduces the need for cement in

concrete.61,73 Other options under development include produc-

tion of carbon nanomaterials like graphene,74 nanofibers, or

nanotubes from CO2,
75 which can be used in construction,

reducing energy and material demand in the manufacturing

process.76

Fuels and chemicals

Fuels and chemicals directly based on fossil fuels or fossil feed-

stocks are energy-dense products. Therefore, producing these

chemicals or fuels from CO2 often requires an energy-intensive

conversion process at high pressure and/or increased tempera-

ture, supported by catalysts, because CO2 is an inert and ther-

modynamically stable molecule. Conversion processes include

thermochemical, electrochemical, and photocatalytic con-

version.

In thermochemical conversion (sometimes referred to as ‘‘hy-

drogenation’’), CO2 and H2 are prepared separately and subse-

quently combined.77 The hydrogen supplies part of the energy

needed for the CO2 conversion process. This process allows

production of chemicals and fuels that would otherwise be of

fossil origin, like methane or methanol.12 Methanol, in turn, can

serve as a feedstock for production of other chemicals and fuels,

such as ethylene,78 polyols,79 and dimethyl ether (DME).80

Methane production can be a method for long-term storage of

renewable energy from intermittent electricity, producing H2

with water electrolysis, followed by CO2 hydrogenation to

methane (Sabatier reaction) and methane combustion for power

generation at a later time (power-methane-power).81 Another

key hydrogenation process is synthesis of liquid hydrocarbon

fuels, which consists of synthesis gas (syngas) production via

conversion of CO2 to carbon monoxide (CO) in the reverse wa-
ter-gas shift (rWGS) reaction and mixing it with H2 or via steam

methane reforming (SMR) and, finally, using the Fischer-Tropsch

process to create hydrocarbon chains.82 The stoichiometric ratio

of H2 to CO in syngas can be adjusted to the targeted end prod-

ucts, as occurs currently via the WGS reaction in conventional

syngas-based processes.83

In photocatalytic conversion, CO2 is converted to, for

example, methane or methanol using sunlight, water, and dye-

sensitized semiconductors.84 Electrochemical reduction, where

CO2 is reduced at atmospheric temperature using electricity,85

can be used to produce, for example, ethanol,12 methanol,86,87

dimethyl carbonate (DMC),20 formate,88 or formic acid.85 When

CO2 is captured bymicroalgae, themicroalgae can be converted

into fuels or chemicals; e.g., via transesterification or hydrogena-

tion of algal oil89,90 or hydrothermal liquefaction.91 Microalgae

may also be used as fish food92 or food.93
ASSESSING THE PARIS COMPATIBILITY OF CCU
TECHNOLOGIES

Paris compatibility criteria
In this paper, a CCU technology is classified as Paris compatible

when its deployment is expected to be in line with reaching the

Paris Agreement’ LTTG and corresponding 1.5�C mitigation

pathway. This definition results in two questions to assess Paris

compatibility: (1) is the CCU technology ready on time and (2)

does the CCU technology sufficiently reduce CO2 emissions?

These questions result in the Paris compatibility criteria for

2030 and 2050 outlined in this section (Figure 2). The following

two sections present a review of the literature underlying the

criteria and explain how these criteria can be applied to CCU

technologies.

Maturity criteria

Technological maturing, the process leading from research and

development (R&D) to demonstration trials, early market forma-

tion, and widespread diffusion, can span several decades and is

ridden with financial risks and technological uncertainties.94 We

include technological maturity as a criterion for Paris compati-

bility because for a technology to be able to contribute to emis-

sion reductions in 2030 or 2050, it must be developed sufficiently

to be ready for widespread diffusion.

The technological readiness level (TRL) of a technology is an

indication of the maturity of a technology on a scale that summa-

rizes detailed information on technological maturity into a single

value.95 The scale has nine levels, spanning from basic concept

(TRL 1) to successful, real-life operation (TRL 9). TRL 6 presents

a turning point in technological development by requiring an

operational system at a relevant scale. The time it takes to prog-

ress through the TRL scale differs per technology and is context

dependent, but for CCU technologies, 10–15 years is typically

assumed to be needed to progress from lab scale to full-scale

implementation.9,96,97 In line with Chauvy et al.,9 we assume

that, for a CCU technology to be ready in 2030, it must be in at

least TRL 6 in 2020. Given that it is possible to progress from

the R&D phase (TRL 1–3) to real-life operation (TRL 9) in 20–30

years,9,98 the TRL is no impediment for a CCU technology for

2050. This does not mean that it can be assumed that a technol-

ogy in the R&D phase in 2020 will be ready in 2050, only that a
One Earth 5, February 18, 2022 171
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technology cannot be excluded from Paris compatibility in 2050

based on its 2020 TRL.

Emissions criteria

1.5�C-pathways are characterized by two key numbers: in 2030,

global net CO2 emissions are halved compared with 2020 emis-

sions, and in 2050, net CO2 emissions are zero.3 For CO2 emis-

sion reductions to be in line with 1.5�C pathways, the CCU tech-

nology must halve CO2 emissions associated with production

and use of the CCU product by 2030 compared with the emis-

sions associated with the current conventional, substituted

product. In 2050, CO2 emissions associated with the CCU prod-

uct must be zero to be Paris compatible. Although emission data

are often provided for a basket of greenhouse gases (GHGs)

instead of CO2 only, CCU is focused on reducing CO2 emissions,

which is by far the most prominent contributor to total GHG

emissions, directly as well as indirectly.99,100

Maturity of CCU technologies
The TRL scale has its origin at the American National Aeronautics

and Space Administration in the 1970s and became more widely

known when the US Department of Defense started using it to

improve its technologyR&Doutcomes.101 Itwas first comprehen-

sively described by Mankins,95 and has since received recogni-

tion in policy-making, industry, and academia.102 For example,

in 2010, theEuropeanCommissionadvisedprojects that received

European Union (EU) funding to use TRLs for identification of

technological maturity.103 Its use has also been recommended

specifically for CCU techno-economic assessments.24,104

TheEuropeanCommissiondefinesTRLs inageneralizedway to

allowcomparabilityof technologies indifferent fields, includingen-

ergy and climate technologies (Table 1).105A downside of a gener-

alized scale is the general description for each level, including

criteria that may not be applicable or not specific enough to

achieve unambiguous TRL ratings.102,106 Adaptations to the

generalized scale were developed to better rate technologies in
172 One Earth 5, February 18, 2022
a certain field; for example, in the chemical industry102 and even

for CCU technologies9 (Table 1). Despite the differences between

descriptions of TRLs, the commonality is that TRL 6 represents a

break from the foregoing TRLs by requiring an operational system

at a relevant scale (pilot plant) to have been developed.

To assess whether a CCU technology fulfills the Paris compat-

ibility maturity criteria, its TRL in 2020 must be determined from

direct TRL specifications or by applying themilestones as defined

by Buchner et al.102 (Table 1) to descriptions of the technology’s

state of development. Table 1 includes examples of CCU technol-

ogies for each TRL, and Note S2 provides a comprehensive over-

view of TRL ratings of CCU technologies. Some studies report

ranges instead of a single TRL for a CCU technology. This can

be done for three reasons: (1) the technology is a ‘‘composed’’

technology made up of multiple processes, each with its individ-

ual TRL. Hence, the range of these individual TRLs is reported; (2)

more than one technology is in development to produce a CO2-

based product, and the full range is reported for this product

instead of for each production process separately; or (3) there is

uncertainty because of a lack of data. In this paper, we deal

with these ranges in TRL in the following way: in the case of a

composed technology (reason 1), the lowest TRL is counted as

the overall TRL because it is the weakest link in the chain in the

process to commercialization.102 We specify a TRL for each

CCU production process rather than only per CCU product

(reason 2). Uncertainty in the TRL is resolved by comparing re-

ported process descriptions (e.g., proof of concept, bench-scale

process, pilot plant) with the descriptions of Buchner et al.102 to

find the best match (reason 3), as explained in Note S2.

Emissions of CCU technologies
To assess the Paris compatibility of CCU technologies, we deter-

mined the GHG emission intensity of CCU products (kgCO2-

equiv/kg CO2 utilized) and of substituted conventional products

(assuming 1:1 replacement) based on a literature search of life



Table 1. Technology readiness levels for CCU technologies

TRL

Description by European

Commission105
Description by Chauvy et al.9

for CCU evaluation

Description by Buchner

et al.102 for the chemical

industry CCU examples

1 basic principles observed published research that

identifies the principles that

underlie the technology

idea; ppportunities

identified, basic research

translated into possible

applications

methanol via photocatalytic

conversion9,84

2 technology concept

formulated

publications or other

references that outline the

application being considered

and that provide analysis to

support the concept; the

step up from TRL 1 to TRL 2

moves the ideas from pure to

applied research; amajor

part of the work is analytical

or paper studies;

experimental work is

designed to corroborate the

basic scientific observations

made during TRL 1 work

concept; technology

concept and/or application

formulated, patent research

conducted

ethanol12 and methanol107

via electrochemical

reduction108

3 experimental proof of

concept

active R&D has been

initiated; at TRL 3, the work

has moved beyond the

publication phase to

experimental work

proof of concept; applied

laboratory research started,

functional principle/reaction

(mechanism) proven,

predicted reaction observed

(qualitatively)

ethylene via electrochemical

reduction,109 DME via

syngas12,110

4 technology validated in lab TRL4–6 represent the bridge

from scientific research to

engineering; TRL 4 is the first

step in determining whether

the individual components

will work together as a

system

preliminary process

development; concept

validated in laboratory

environment, scale-up

preparation started, shortcut

process models found

PCC and PMC63,66,97,111

5 technology validated in

relevant environment

basic technological

components are integrated

so that the system

configuration is similar to the

final application in almost all

respects

detailed process

development; process

models found, property data

analyzed, simulation of

process and pilot plant using

bench scale information

formic acid via

electrochemical reduction in

an aqueous

environment,63,66,97,111

sodium bicarbonate using

flue gas directly63,66,97,111

6 technology demonstrated in

relevant environment

represents a major step up in

a technology’s

demonstrated readiness;

TRL 6 begins true

engineering development of

the technology as an

operational system

pilot trials; pilot plant

constructed and operated

with low-rate production,

products approved in final

application, detailed process

models found

Fischer-Tropsch fuels,97,112

urea from steel gases113,114

7 system prototype

demonstration in an

operational environment

TRL 7 is a significant step

beyond TRL 6, requiring an

actual system prototype

demonstration and full-scale

engineering; parameter and

performance of pilot plant

optimized, (optional) demo

plant constructed and

operating, equipment

speciation, including

components that are type

conferrable to full-scale

production

CO and syngas via the

reverse water gas shift

reaction,12,112 methane and

methanol via hydrogenation

of CO2
9,115,116

(Continued on next page)
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Table 1. Continued

TRL

Description by European

Commission105
Description by Chauvy et al.9

for CCU evaluation

Description by Buchner

et al.102 for the chemical

industry CCU examples

8 system complete and

qualified

represents the end of true

system development; the

technology has been proven

to work in its final form and

under the expected

conditions

commissioning; products

and processes integrated in

organizational structure

(hardware and software), full-

scale plant constructed

Polyols,9,117,118 construction

materials from carbonated

steel slag51,119,120

9 actual system proven in an

operational environment

technology is in its final form

and operates under the full

range of operating mission

conditions

production; full-scale plant

audited (site acceptance

test), turn-key plant,

production operated over full

range of expected conditions

in industrial scale and

environment, performance

guarantee enforceable

CO2 enrichment in

agricultural greenhouses,121

CO2 EOR55,122

Shown are descriptions of technology readiness levels (TRL) and examples of CCU technologies for each TRL. See Note S2 for an overview of TRLs for

all studied CCU technologies.
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cycle assessment (LCA) studies on CCU. In this way, 1,041

studies were identified (see experimental procedures). After

screening these papers for relevance and excluding reviews

and meta-analyses without original data, 106 studies remained

(Note S3). We then selected the most recent study with the

most complete life cycle inventory for each available combina-

tion of CCU technology and type of CO2 source (fossil, biogenic,

or atmospheric). Not all combinations could be found in the liter-

ature. This resulted in 30 studies (1 on direct use, 6 on EHR, 8 on

mineral carbonates and construction materials, and 15 on fuels

and chemicals), together covering 44 unique CCU technologies

and resulting in 74 CCU technology-CO2 source combinations

(see Note S3, which also provides an overview of the specific

CO2 sources and CO2 capture processes covered). These

studies were harmonized regarding (1) functional unit, (2) system

boundaries, (3) electricity mix, (4) hydrogen production, (5)

dealing with multifunctionality, and (6) accounting of temporary

carbon storage, as detailed below. For the substituted products,

we followed the choices made in the original papers, assuming

the CCU product replaces a product with identical molecular

structure or, if this does not exist, a product with the same char-

acteristics and function.24

Functional unit

The functional unit of CCU products can be end product-based

(e.g., kg or MJ product) or input-based (e.g., kg CO2 utilized).

Most CCU LCA studies use an end product-based functional

unit, which allows estimating absolute emission reductions

when switching to a CCU product. However, to be able to

compare different CCU technologies, the functional unit should

be the same and, thus, input based.12,123 We therefore use

1 kg of CO2 utilized as functional unit in this paper. It is possible

to go from an end product-based functional unit to the functional

unit of 1 kg of CO2 utilized by determining the product’s GHG in-

tensity in kgCO2-equiv/kg product and multiplying it by kg prod-

uct/kg CO2 utilized.

System boundaries

Most LCA studies quantify ‘‘cradle-to-factory-gate’’ emissions,

assuming that emissions beyond the gate are the same for
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CCU product and substitute. In our analysis, we determine the

absolute CO2 emissions of a CCU product and the percentual

CO2 emission reduction of a CCU product relative to its substi-

tute. This requires a wider ‘‘cradle-to-grave’’ approach that in-

cludes end-of-life emissions for both products. In practice, how-

ever, data on transport and use-phase emissions often lack in

the reviewed LCA studies, except for re-emission of CO2 upon

combustion or dissolution. So where cradle-to-grave data

were not available, we used cradle-to-factory-gate emissions

and added end-of-life emissions, as proposed by Fernández-

Dacosta et al.,23 assuming that use-phase emissions were

negligible. Combustion and dissolution were then included in

the end-of-life emissions. We did not harmonize production

infrastructure and transport emissions and follow the choices

in the respective LCAs because these emissions contribute

negligibly to the total GHG intensity.124–126 For the substituted

products, emissions were also determined based on a cradle-

to-grave basis.

Electricity mix

To improve inter-comparability of CCU products and take into

account the expected decarbonization of the electricity

sector,127 we harmonized the GHG intensity of electricity used

in all foreground processes of the studies considered. This in-

cludes electricity use in the capture and conversion process

and hydrogen production via electrolysis. The harmonized

GHG intensity of electricity was set to be in line with emissions

pathways limiting global warming to 1.5�C:3 0.17 kgCO2/kWh

for 2030 and 0 kgCO2/kWh for 2050. For zero-emissions elec-

tricity, it is assumed that the (limited) emissions of renewable

electricity production are compensated by CDR (e.g., from bio-

energy with CCS).

Hydrogen

Hydrogen is an important feedstock in the production of fuels

and chemicals from CO2 and is produced using fossil fuels

with or without CCS or water electrolysis. Because we assume

hydrogen production to decarbonize in Paris-compatible path-

ways, we harmonize all studies toward electrolysis-based

hydrogen following their reported electricity requirements,
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Figure 3. Determining the GHG intensity of CCU products through the substitution approach
(A and B) In the system expansion via substitution approach, theGHG intensity of the CCU product ECCU is determined by the difference between the emissions of
(A) the multifunctional system and (B) the marginal production system of the primary product.
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unless H2 is co-produced in the conversion process. For an elec-

tricity requirement of 52 kWh/kg H2 and using the aforemen-

tioned electricity carbon intensities for 2030 and 2050, electrol-

ysis-based hydrogen results in 6.85 kgCO2-equiv/kg H2 in

2030 and 0 kgCO2-equiv/kg H2 in 2050. We use the substitution

approach to deal with the co-produced O2 (experimental pro-

cedures).

Multifunctionality

The CCU production chain is typically inherently multifunctional;

an industrial facility or power plant produces a primary product

(e.g., steel or electricity) as well as CO2, which is used as feed-

stock in the secondary CCU process. GHG emissions of this sys-

tem must be divided between the primary product and the sec-

ondary CCU product. DAC-based CCU systems are not

multifunctional because there is no primary product. We apply

system expansion via a substitution approach to solve this multi-

functionality problem following the LCA standard ISO 14044 and

LCA guidelines for CCU104 (Figure 3).

System expansion via substitution assumes that a primary

production plant with CCU directly substitutes an identical plant

without CCU to ultimately determine the emissions that can be

associated with CCU itself. It is formalized as shown in Equation

1 (for a full derivation, see experimental procedures):

ECCU = � Eutilized +Ecapture process +Econversion +Eother +Ereleased

(Equation 1)

where E stands for GHG emissions (in kgCO2-equiv/kg CO2 uti-

lized), specifically

ECCU GHG emissions of the CCU product;

Eutilized CO2 utilized in production of the CCU product;

Ecapture process GHG emissions associated with capturing CO2

and separating CO2 from the bulk gas stream;

Econversion GHG emissions of the conversion process of CO2

into the end product;

Eother other (remaining) GHG emissions associated with the

CCU product, such as GHG emissions at end of life other
than release of utilized CO2 (for example, from fossil feed-

stock added in the conversion process); and

Ereleased GHG emissions of utilized CO2 to the atmosphere at

the end of life of the CCU product.

In most cases, Eutilized and Ereleased cancel each other out.

However, Ereleased is less than Eutilized when some of the utilized

CO2 is lost in the conversion process (i.e., included in Econversion)

or when the CO2 is stored permanently; then Ereleased is zero. A

negative value for ECCU can occur when CO2 is stored perma-

nently and the amount of CO2 utilized is greater than the com-

bined emissions of the CCU production, use, and end-of-life

processes.

The interpretation of a negative value for ECCU depends on the

source of CO2. In the case of CO2 with a fossil origin, a negative

ECCU means that the total GHG emissions of the system with

CCU are reduced in comparison with the system without CCU

and that this emission reduction can be attributed to CCU. It

does not mean that CCU is CDR because CO2 is not removed

from the atmosphere.27,128 In the case of CO2 that is removed

from the atmosphere, directly (through DAC) or indirectly

(through capture of CO2 with biogenic origin), a negative value

for ECCU does mean that CDR takes place. For biogenic CO2,

CDR would also require sustainable sourcing of the

biomass used.

The substitution approach is based on the assumption that a

point source without capture is 1:1 substituted by the same

plant with capture. In the near future (i.e., 2030), this assump-

tion holds because many plants without capture can still be

substituted. In the long run, however, the reference system is

expected to transform toward a zero-emissions economy.

Therefore, in a Paris-compatible 2050 system, we can no

longer assume that there are unabated fossil point sources to

substitute and associated emissions to avoid. Because emis-

sions are no longer unabated, considering CCU as an option

to abate fossil CO2 emissions means that the responsibility

for not emitting shifts to CCU. In terms of calculating the

GHG intensity of CCU for a fossil CO2 source in 2050, this
One Earth 5, February 18, 2022 175



Table 2. GWP factors (GWPstorage-100) for temporary storage of CO2 in CCU products using a 100-year time horizon

Lifetime 0–6 months 0.5–1 year 1 year 5 years 10 years 25 years 50 years 100 + years

GWPstorage -100 1 0.99 0.98 0.92 0.85 0.67 0.42 0
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means that all emissions from the stack onward are assigned to

the CCU product:

ECCUðfossil in 2050Þ =Ecapture losses +Ecapture process

+Econversion +Eother +Ereleased

(Equation 2)

where E stands for GHG emissions (in kgCO2-equiv/kg CO2 uti-

lized), specifically

ECCUðfossil in 2050Þ GHG emissions of the CCU product (for 2050

in a Paris-compatible scenario where substitution of un-

abated fossil CO2 point sources cannot be assumed) and

Ecapture losses CO2 not captured in the capture process,

assuming a capture rate of 95%.32,81,122

In the results, we report ECCU, but when this applies to fossil

CO2 sources in 2050, Equation 2 is used for the calculation.

For CCU processes based on biogenic or atmospheric CO2 in

2050, Equation 1 still applies because availability of these sour-

ces in 2050 is in line with a Paris-compatible scenario.

Benefits of temporary storage of CO2

The importance of a product’s lifetime for CCU’s contribution to

climate change mitigation has been stressed in the litera-

ture.26,129 Temporary storage of CO2 by lowering atmospheric

CO2 concentrations for the duration of the product’s lifetime

decreases radiative forcing over this period of time.130 We

calculated the GHG intensity of CCU products without (base

case) and with the benefit of temporary carbon storage (sensi-

tivity analysis) using a time horizon of 100 years. Global warm-

ing potentials are used for this calculation, adjusted for tempo-

rary carbon storage (global warming potential [GWP]storage).

Global warming potentials describe the contribution to radiative

forcing of delayed CO2 emissions compared with direct CO2

emissions over 100 years. We derived the GWPstorage-100 fac-

tors using the method described by Guest et al.,131 which is

based on Clift and Brandao,132 combined with the more recent

atmospheric CO2 decay curves described by Joos et al.133 The

factors depend on the lifetime of the CCU product, as shown in

Table 2; see the experimental procedures for an overview of

CCU lifetimes. To include the storage effect, Ereleased in Equa-

tions 1 and 2 is multiplied by GWPstorage-100. In this way,

only captured CO2 is affected by this temporary storage

benefit, not fossil carbon added in some CCU routes as addi-

tional feedstock.
FULFILMENT OF PARIS COMPATIBILITY CRITERIA

Paris compatibility in 2030
Figure 4 shows the relative GHG intensity of CCU technologies

in 2030 plotted against their 2020 TRL. As explained above, a

negative GHG intensity ratio means that an emissions reduction

takes place for fossil CO2 and CDR when the source of CO2 is

biogenic or atmospheric. CCU technologies fulfilling the 2030

emissions criterion can be characterized by one or more of
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the following attributes: (1) preventing (high) capture emissions,

(2) preventing (high) conversion emissions, (3) preventing

re-emission of CO2, and (4) replacing an emission-intensive

process.

Paris-compatible CCU technologies in 2030 are CO2 enrich-

ment in the horticulture industry50 with CO2 from a co-located

biogas to biomethane upgrading unit, which is considered a

by-product (i.e., is characterized by attribute 1) and can be

used directly (attribute 2). In the carbonation process of steel

slag to produce construction blocks, flue gas is used directly,58

omitting the capture step (1). CO2 is stored permanently through

an exothermic carbonation reaction134 (2 and 3). In EOR, CO2 is

used directly (2) and can be Paris compatible for several gas sep-

aration methods135–137 as long as no more than 2 barrels of oil

(bbl) are recovered per ton CO2 injected. This allows a favorable

balance of the CO2 released upon combustion of the recovered

oil and the CO2 stored permanently (3). Urea production from

basic oxygen furnace gas (BOFG) uses waste heat from the steel

plant for capture and conversion processes (1 and 2) and re-

places electricity production from BOFG.113 Hence, quantifica-

tion of the GHG intensity of urea includes replacement of elec-

tricity produced from BOFG by the 1.5�C-compatible electricity

mix (4). Last, close to halving emissions is CO via rWGSwith rela-

tively low conversion emissions (2).12

Low TRL CCU technologies that only fulfill the emissions crite-

rion can be characterized by the same four attributes. The so-

dium bicarbonate process uses flue gas directly, avoiding the

capture step (attribute 1).138 Indirect mineral carbonation reac-

tions producing PMC or PPC may have low emissions for high

efficiency of the alkaline absorption process, depending on pro-

cess development. They store CO2 permanently (3).63 Formic

acid via hydrogenation reduces emissions sufficiently compared

with the emission-intensive substitute (4).12 Electrochemical pro-

duction of formic acid via supercritical CO2
139 and methane and

methanol via photocatalytic conversion84 have low conversion

emissions (2) because they do not require electricity-intensive

hydrogen.

High TRL CCU technologies not fulfilling the emissions crite-

rion can also be characterized by the aforementioned attributes.

However, here, these are the reasons for not fulfilling the emis-

sions criterion. CO2 curing of concrete72,140 does not sufficiently

reduce emissions because of the emissions associated with

cement production (2). Fuels and chemicals based on thermo-

chemical conversion typically have high conversion emissions

because of electricity-intensive hydrogen production (2). Finally,

EORwith a recovery ratio over 2 bbl per ton of CO2 injected does

not store a sufficient volume of CO2 compared with combustion

emissions141,142 (3).

Benefits of temporary CO2 storage

Some products store CO2 for several decades; e.g., polyeth-

ylene and polypropylene. Adding the temporary storage benefit

based on a lifetime of 50 years leads to a reduced GHG intensity

of roughly 25%. This, however, is not enough to lead to a differ-

ence in Paris compatibility. For long-lived polyols, the reduction



Figure 4. Paris compatibility of CCU
technologies in 2030
Technological maturity of CCU technologies in
terms of their 2020 technology readiness level and
GHG emission intensity ratio of the CCU product in
2030 compared with its substitute. The four shapes
represent the four CCU categories, and the colors
are used to differentiate between the different types
of CO2 sources. For a CCU technology to be Paris
compatible in 2030, it must currently have a TRL of 6
or higher and reduce emissions by at least 50%
compared with its substitute. Technologies in the
lower right gray area fulfill these Paris compatibility
criteria. The full dataset, including outliers not
shown in this figure, and source data for this figure
are provided in Data S1.
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is only a few percent because a large share of the embodied car-

bon is from fossil feedstock, to which the storage factor does not

apply. The lifetime of the other chemicals and fuels is assumed to

be 6 months, where the GWPstorage-100 factor of 0.99 does not

affect Paris compatibility. For EHR, construction materials, and

most mineral carbonates, permanent storage was already

assumed in the base case.

Paris compatibility in 2050

Figure 5 shows the GHG intensity of CCU products in 2050

(ECCU, in kgCO2-equiv/kg CO2 utilized) (Equations 1 and 2). In

2050, low low-TRL technologies may be Paris compatible. The

characteristics of CCU technologies fulfilling the 2050 emissions

criterion are simplified to (1) preventing re-emission of CO2, (2)

only using zero-emissions energy, and (3) utilizing CO2 recently

removed from the atmosphere (biogenic/atmospheric).

Construction blocks from carbonation of steel slag using a pu-

rified streamof biogenic CO2
134 are Paris compatible, resulting in

CDR because the CO2 is stored permanently (i.e., criteria 1 and 3
are fulfilled). In addition, steel slag carbon-

ation using fossil flue gas directly to pro-

duce cementitious material58 achieves

close to zero emissions because no cap-

ture process is required, the carbonation

process is exothermic, and the CO2 is

stored permanently (fulfilling criteria 1

and 2).

Because CO2 is not stored permanently

in fuels or chemicals, these products can

only be strictly Paris compatible when the

CO2 is of biogenic or atmospheric origin

and zero emissions are associated with

the capture and conversion processes (ful-

filling criteria 2 and 3). This situation is ap-

proached when heat integration is applied,

electric heat is used, or simply only elec-

tricity is required. Processes approaching

zero emissions are methane production

from H2 and biogenic CO2;
143 DMM via

condensation with formaldehyde or via

direct synthesis, both for a biogenic

source;144 and Fischer-Tropsch fuels

from atmospheric CO2, based on a fully

electric process for capture and conver-
sion.145 The assumption of zero-emission electricity is crucial

because the GHG intensity of these options using the 2030 elec-

tricity mix is between 1.21 and 1.39 kgCO2-equiv/kg CO2 utilized

(see Figure S1 for the absolute GHG intensity of CCU products

in 2030).

Benefits of temporary CO2 storage

Inclusion of the benefit of temporary storage of 6 months is

enough to obtain a negative absolute GHG intensity for DMM

via condensation with formaldehyde or via direct synthesis,

both for a biogenic source.144

DISCUSSION AND RESEARCH OUTLOOK

Maturity
We considered technological maturity in terms of TRLs of indi-

vidual technologies because data are available for individual

technologies. Others have suggested ‘‘system readiness

levels’’146,147 to reflect the technology’s need to embed in a
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carbonated slag construction block

dimethoxymethane, with formaldehyde

FT-fuel

CH4

carbonated slag cementitious material
precipitated calcium carbonate

ethylene, MTO
ethylene, ER

dimethoxymethane, direct

precipitated magnesium carbonate

Figure 5. Paris compatibility of CCU
technologies in 2050
GHG intensity of CCU products in 2050 (kgCO2-
equiv/kg CO2 utilized). The four shapes represent
the four CCU categories, and the colors are used to
differentiate between the different types of CO2

sources. The TRL is not indicated because 2020
technological maturity does not preclude technol-
ogies from fulfilling the Paris compatibility criteria by
2050. Technologies in the lower gray area fulfill
these Paris compatibility criteria. The full dataset,
including outliers not shown in this figure, and
source data for this figure are provided in Data S1.
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certain system. Because of this embedding, assessment of

technological readiness at a systemic level could lead to lower

levels of maturity. This means that Paris compatibility of CCU

could be overestimated. On the other hand, concerted, trans-

disciplinary action on innovation could speed up technological

maturing of promising technologies. For example, this could

apply to sodium bicarbonate, which fulfills the emission reduc-

tion criterion but is in TRL 5. As a next step, ‘‘technological

innovation system’’ analyses148,149 can be performed to pro-

vide information on what actors can do to advance such tech-

nologies.

Emissions
Our harmonization allowed a comparison of CCU technolo-

gies, but some uncertainty in future emissions remains

because (1) LCAs of low-TRL technologies may be based on

idealized modeling data, underestimating the environmental

effects because of an information bias;108 (2) the environ-
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mental effect of technologies is expected

to decrease as they mature because of

energy efficiency improvements and/or

development of catalysts for more effi-

cient conversion;139,127 (3) some CCU

processes could be adapted so that

more CO2 is utilized per product pro-

duced (for example, for EOR);150 and (4)

if product lifetimes could be extended,

then they could, based on the temporary

storage benefit, decrease their contribu-

tion to climate change. Future LCA

studies could focus on CCU technolo-

gies that are developing quickly and for

which no LCAs are available or for which

only LCAs based on low-TRL data are

available or on how CCU processes

can be adapted to reduce overall

emissions.

Even when the emissions criteria are

not fulfilled, it is possible that there are

no future alternative technological routes

that provide the same product at a lower

GHG intensity. Although a CCU technol-

ogy is not strictly Paris compatible in

such cases, CCU could still play a role

in the overall energy system transition.

In addition, if other environmental effects
besides climate are included in the equation, then CCU op-

tions may, in certain cases, be viewed more positively than re-

maining alternatives to our fossil fuel-based production sys-

tem. For instance, CCU products do not have the land-use

effects of crop-based biomaterials (including biodiversity).151

Further research could include alternative routes for the

assessment and define emission reduction criteria per prod-

uct group. The assessment of emission reduction could be

extended beyond the technology level to the sector or even

the system level. Determining the global climate change

mitigation potential of CCU at scale requires that interac-

tions with other mitigation options as well as broader changes

in the economy are considered, which may be achieved

using integrated assessment models. Further research could

focus on including CCU in these models and determining

how much each CCU technology could contribute at scale

to CO2 emission reductions within and across different

sectors.
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Multifunctionality
The multifunctionality problem is one that needs to be solved

carefully and transparently. Otherwise, it is possible to end up

with statements that cannot be simultaneously true, such as

the following: CCU can make traditionally CO2-emitting indus-

tries (e.g., fossil fuel electricity generation, chemicals, cement)

carbon-neutral10,75 while producing carbon-neutral CCU

products.78,152 The reality is that the eventual emission of

CO2 must be accounted for by one of the processes. And,

as shown above, when moving to a future without unabated

fossil emissions, this emission has to be allocated to CCU.

The right year of this allocation shift is unclear and may

depend on the GHG reduction targets of a specific country,

sector, or company. Although we consider the year 2050,

based on Paris-compatible emission pathways at a global

level, other countries or firms may have reasons to select a

different point in time where fossil points sources can no

longer go unabated.

Decarbonization of electricity
The carbon intensity of electricity of 0.17 kgCO2/kWh that we

used for 2030 is higher than the carbon intensity in many of

the CCU LCA studies; for example, when based on only renew-

ables. This means that, in these cases, we found a higher 2030

GHG intensity of CCU products compared with the original

studies. Still, our 2030 carbon intensity of electricity may be

an underestimation because it was based on emission path-

ways that only include use-phase emissions, not upstream

emissions. Our 2030 results, however, are not sensitive to

this increase in carbon intensity; doubling the carbon intensity

(0.34 kgCO2/kWh) did not affect Paris compatibility of technol-

ogies in 2030. However, storing renewable electricity in a fuel or

chemical results in a loss of primary energy153 and has a low

energy return on energy invested.21 Hence, use of low-carbon

electricity for mitigation options other than CCU has been

shown to achieve higher emission reductions per kWh; e.g.,

for e-mobility and heat pumps10 or DACCS.154 Alternatively,

CCU technologies have been proposed to use excess renew-

able electricity and aid the energy transition by balancing the

peaks of renewable power production.155,156 This suggestion

is sobered by its limited economic attractiveness as a result

of the low-capacity factors,81 but further research on the sys-

temic effects of electrification of the CCU process would be

of value.

Lock-in
The only CCU technologies that are 2030 and 2050 Paris

compatible are construction materials based on carbonation of

steel slag, either using fossil flue gas directly or using CO2

captured from a biogenic source. Arguably, implementing CCU

options that only reduce emissions sufficiently for 2030 but not

for 2050 could lead to a carbon lock-in, which would occur

when large investments are made in 2030, complicating

phase-out and discouraging necessary transitions later

on.157,158 Hence, assuming that a CCU production plant built

in 2030 is still operational in 2050 would mean that the 2050

emissions criterion should be added to assess 2030 Paris

compatibility. In that case, with the exception of some construc-

tion materials, none of the 2030-compatible options fulfill the
2050 emissions criterion. A lock-in in these CCU processes

could be prevented by implementing an exit strategy for indus-

tries relying on CCU processes that are only 2030 compatible.

CCU technologies that are currently used or considered and

that are not 2030 compatible could lead to a lock-in within years.

We recommend that these are critically evaluated regarding their

potential for a short-term exit strategy.

Sources of CO2 and capture processes
We found that energy requirements for CO2 capture and their

associated emissions differ between specific CO2 sources and

capture processes, in line with M€uller et al.128 and von der Assen

et al.159 Whether a CCU process is Paris compatible can thus

depend on the capture process itself (e.g., a DAC process based

on natural gas143 rather than renewable electricity145 may render

the entire CCU product non-Paris compatible). Our research has

focused on available CO2 source-CCU technology combinations

in the LCA literature, and further research could harmonize CO2

sources and capture processes to provide additional insights

into remaining CO2 source-CCU technology combinations.

This would allow including more innovative CO2 capture routes

and identifying more environmentally optimal combinations of

capture processes and conversion processes for different CO2

sources.

CCU versus CCS
Cuéllar-Franca and Azapagic16 showed that, per ton of CO2

captured, CCS results in lower emissions than CCU. Although

capture emissions are the same, emissions for compression

and injection of CO2 in geological formations are lower than

most CCU technologies’ emissions from conversion and ulti-

mate release of CO2. Based on this, only CCU technologies

with low conversion emissions and permanent storage could

compete with CCS. Although the avoided emissions of the prod-

uct that CCU replaces are not taken into account,16 including

these could still lead to the same conclusion, as shown for meth-

anol.19 To deal with residual flows containing CO2 from essential

industries as long as they exist, further research could focus on

systematic comparison of CCS and CCU technologies in light of

their product-specific substitutes123 and TRLs.

CONCLUSIONS AND POLICY RECOMMENDATIONS

By combining the literature on technological maturity of CCU

with the global emission reduction requirements consistent

with the Paris Agreement, we conclude that only very few CCU

options would be Paris compatible. Moreover, some CCU op-

tions only meet the criteria in the short run and could lead to a

lock-in toward 2050. We find that, for a CCU technology to be

Paris compatible in 2030, it has to have low GHG emissions

fromCO2 capture and conversion, replace a GHG-intensive sub-

stitute, and (in most cases) lead to permanent storage. For 2050,

the criteria become more stringent, and Paris compatibility typi-

cally depends on a combination of no capture and conversion

emissions (e.g., by using zero-emission electricity or waste

heat), permanent storage, and use of biogenic or atmospheric

CO2 sources. Achieving CDR via CCU technologies is only

possible when biogenic or atmospheric CO2 is used and stored

permanently.
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Although our conclusions are robust as a result of the harmo-

nization approachwe adopted, we also showed that determining

the CO2 emission reduction associated with a CCU technology

depends on a range of assumptions. When designing policies

for implementation of CCU technologies, clear guidelines for

these assumptions must be in place. We recommend using a

future electricity mix and considering the full life cycle, including

possible re-emission of CO2. To clarify the emission reduction

potential of CCU, it should also be made very clear against

what CCU is compared. We distinguish three benchmarks: (1)

emission reduction of CCU compared with emitting CO2 at the

point source, (2) emission reduction of CCU compared with the

substituted original product, and (3) emission reduction of CCU

compared with other alternative technological routes replacing

the original product. This study’s assessment of the Paris

compatibility of CCU was based on the first two benchmarks,

but the third could shed light on the potential trade-offs between

CCU and other options for replacing fossil-based production,

whichmay change the verdict on CO2 source-CCU options close

to the Paris compatibility emission frontier.

Our findings have implications for climate and innovation pol-

icy. Research fundingmay currently be allocated to CCU options

that are unlikely to be mature in time for the Paris temperature

limits or that are not able to sufficiently reduce emissions. To

be in line with the objectives of the Paris Agreement, such fund-

ing would have to be redirected to mitigation options consistent

with the Paris Agreement and unlikely to result in carbon lock-in.

CCU encompasses a wide range of technologies with different

conversion processes, product lifetimes, and substituted prod-

ucts. Therefore, we recommend that decision-makers recognize

this diversity in CCU, base their decisions on the share of emis-

sions an individual CCU technology can reduce, and whether

(close to) zero emissions or CDR can be achieved rather than

treating CCU as a homogeneous technology. In addition, the

technology’s current level of maturity and when it is expected

to be ready for diffusion should be considered. Such a focus

could facilitate creation of strategies that accelerate develop-

ment of technologies with low TRLs that may lead to (close to)

zero emissions or CDR.
EXPERIMENTAL PROCEDURES

Resource availability
Lead contact
For questions related to this article, please contact the lead contact, Kiane de
Kleijne (Kiane.deKleijne@ru.nl).
Materials availability
Not applicable to this study.
Data and code availability
For identification of a Paris-compatible mitigation pathway, we used data
available from the Integrated Assessment Modeling Consortium (IAMC)
1.5�C Scenario Explorer and Data.1 The full dataset (Data S1) with harmonized
emissions of CCU technologies for 2030 and 2050 and source data for Figures
4, 5, and S1 have been deposited at Data Archiving and Networked Services
(DANS) under https://doi.org/10.17026/dans-28h-n6zj.
Identification of a Paris-compatible mitigation pathway
We use all ‘‘no-overshoot’’ and ‘‘low-overshoot’’ 1.5�C pathways as defined in
the IAMC 1.5�CScenario Explorer andData1 (version 1.1).We take themean of
the global annual emissions in these pathways from 2010–2060 to arrive at the
Paris-compatible mitigation pathway in Figure 2. ‘‘Half of 2020 emissions’’ in
Figure 2 is found by multiplying the mean 2020 emissions in these pathways
by 0.5.
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Selection of LCA studies to determine the GHG intensity of CCU
products
To assess Paris compatibility of CCU technologies, we determined the GHG
emission intensity of CCU products (kgCO2-equiv/kg CO2 utilized) and of
substituted conventional products (assuming 1:1 replacement) based on a
literature search of life cycle assessment studies on CCU. TheWeb of Science
search string used was as follows:
TOPIC = CCU* OR "carbon capture and utili$ation" OR "carbon capture

utili$ation" OR "carbon capture and use" OR "carbon capture and re-use"
OR "carbon dioxide capture and utili$ation" OR "carbon dioxide capture utili$-
ation" OR "carbon dioxide capture and use" OR "carbon dioxide capture and
re-use" OR ‘‘carbon dioxide utili$ation’’ OR ‘‘carbon dioxide use’’ OR "CO2
use" OR ‘‘CO2 utili$ation’’ OR ‘‘CO2 re-use’’ OR ‘‘CO2-enhanced’’ OR
‘‘CO2-based’’ OR ‘‘CO2-activated’’ OR ‘‘CO2 capture and utili$ation’’ OR
‘‘CO2 capture and use’’ OR ‘‘CO2 capture and re-use’’ OR ‘‘produc* from
CO2’’ OR ‘‘produc* from carbon dioxide’’ OR ‘‘carbonat* curing’’ OR ‘‘CO2
curing’’ OR ‘‘carbonat* aggregate*’’OR (CO2 calcium carbonat*) OR (‘‘carbon
dioxide’’ ‘‘calcium carbonat*’’) OR (CO2 micro-alga*) OR (CO2 micro-alga*)
OR (‘‘carbon dioxide’’ micro-alga*) OR (‘‘carbon dioxide’’ micro-alga*) OR
(CO2 carbon nanotube*) OR (‘‘carbon dioxide’’ carbon nanotube*) OR (CO2
carbon nanofib*) OR (‘‘carbon dioxide’’ carbon nanofib*) OR (CO2 enhanced
oil recovery) OR (‘‘carbon dioxide’’ enhanced oil recovery) OR (CO2 Fischer-
Tropsch synthesis) OR (‘‘carbon dioxide’’ Fischer-Tropsch synthesis)
AND TOPIC = LCA OR life cycle OR life cycle OR "carbon footprint*"

OR "climate footprint*’’ OR "environment* impact*" OR "climat* impact*" OR
"GHG balance" OR "greenhouse gas balance" OR "carbon balance" OR
"global warming potential" OR "global warming impact*" OR ‘‘global warming
footprint*’’ OR ‘‘carbon-negative’’ OR ‘‘below zero’’.
On November 30, 2020, this search string led to 1,041 results. After

screening these papers for relevance (1) fulfilling our definition of CCU, (2)
determining the GWP and not only LCA endpoints, and (3) including emissions
from energy use and excluding conference proceedings and reviews and
meta-analyses without original data, 106 studies remained (Note S3). Microal-
gae biofuel studies were excluded based on the agreement in the most recent
reviews, meta-analyses, and harmonized LCA studies that emissions were not
reduced consistently compared with fossil fuels160–162 or, on average, even
doubled.163 For each individual combination of CCU technology and type of
CO2 source (fossil, biogenic, or atmospheric), the most recent study with the
most complete life cycle inventory was selected. This resulted in 30 studies
(1 on direct use, 15 on fuels and chemicals, 8 on mineral carbonates and con-
struction materials, and 6 on EHR), together covering 44 unique CCU technol-
ogies and resulting in 74 combinations based on multiple CO2 sources. If the
same CCU process was presented with small changes in setup or composi-
tion, then the process with the lowest overall GHG emissions was used in
this study. If several CO2 sources of the same ‘‘type’’ (fossil, biogenic, or atmo-
spheric) were given in the LCA, the source most likely to be deploying CO2

capture in a 1.5�C pathway and to still exist in 2030 and 2050 was preferred
(i.e., an industrial facility over a fossil fuel-based power plant and a natural
gas power plant over a coal-fired power plant). For processes for which a
pure biogenic source was not available but a source representing a mix of
biogenic and fossil sources was available, the mix was included in addition
to the fossil and atmospheric sources. When the emissions for the substitute
were not included in the study, the emissions reported in another LCA for
the same product were used and are referred to in Note S4.

Derivation of GHG emissions of CCU products in 2030
We apply a system expansion via substitution approach to solve themultifunc-
tionality problem following the LCA standard ISO 14044 and LCA guidelines for
CCU.104 This method assumes that a primary production plant with CCU
directly substitutes an identical plant without CCU to ultimately determine
the emissions that can be associated with CCU itself. The GHG emissions of
these two systems can be determined as shown in Equations 3 and 4:

Eplant w=o CCU =Eupstream +Eprimary; direct +Eprimary; other (Equation 3)

Eplant with CCU =Eupstream +Eprimary; other +Ecapture losses +Ecapture process

+Econversion +Eother +Ereleased

(Equation 4)

where E stands for GHG emissions (in kgCO2-equiv/kg CO2 utilized). All emis-
sions are scaled to the functional unit of 1 kg of CO2 utilized. We specifically
distinguish the following GHG emissions:

Eupstream Upstream GHG emissions associated with extraction of re-
sources or production of the carbon feedstock feeding into the primary

mailto:Kiane.deKleijne@ru.nl
https://doi.org/10.17026/dans-28h-n6zj
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production process (as feedstock and/or fuel), including handling and
transport to the plant
Eprimary; direct Direct CO2 emissions emitted at the point source in the pri-
mary production process
Eprimary; other Other (remaining) GHG emissions associated with the primary
production plant
Ecapture losses Emissions of CO2 that are not captured in the capture process
(capture is not 100% efficient)
Ecapture process GHG emissions associated with capturing CO2 and sepa-
rating the CO2 from the bulk gas stream (e.g., from additional elec-
tricity use)
Econversion GHG emissions of the conversion process of the CO2 into the
end product
Ereleased Emissions of utilized CO2 into the atmosphere at the end of life of
the CCU product
Eother Other (remaining) GHG emissions associated with the CCU product,
such as GHG emissions at end of life other than release of utilized CO2

The amount of CO2 that is utilized in CCU can be determined as shown in
Equation 5:

Eutilized =Eprimary; direct � Ecapture losses (Equation 5)

The GHG emissions that can be attributed to the CCU product via substitution
can thus be determined via Equations 6a, 6b, 6c:

ECCU = Eplant with CCU � Eplant w=o CCU (Equation 6a)

ECCU =Eupstream +Eprimary; other +Ecapture losses +Ecapture process

+Econversion +Eother +Ereleased � Eupstream � Eprimary; direct � Eprimary; other

(Equation 6b)

Solving and filling in Equation 5 then results in Equation 6c:

ECCU = � Eutilized +Ecapture process +Econversion +Eother +Ereleased (Equation 6c)

In the case of DAC, there is no multifunctionality problem, but Equation 6c can
still be used to determine ECCU because Eutilized is simply the amount of CO2

captured from the air. When the CO2 must already be separated in the primary
process, CO2 is a by-product, and the capture emissions (Ecapture process )
are zero.
Equation 6c is used in the main text as Equation 1.
Derivation of GHG emissions of CCU products in 2050
The substitution approach is based on the assumption that a point source
without capture is 1:1 substituted by the same plant with capture. In the
near future (i.e., 2030) this assumption holds because many plants without
capture can still be substituted. In the long run, however, the reference system
is expected to transform toward a zero-emissions economy. Therefore, in a
Paris-compatible 2050 system, we can no longer assume that there are un-
abated fossil point sources to substitute and associated emissions to avoid.
Because emissions are no longer unabated, considering CCU as an option
to abate fossil CO2 emissions means that the responsibility for not emitting
shifts to CCU. In terms of calculating the GHG intensity of CCU for a fossil
CO2 source in 2050, this means that all emissions from the stack onward are
assigned to the CCU product (Equation 7):

ECCUðfossil in 2050Þ =Ecapture losses +Ecapture process +Econversion +Eother +Ereleased

(Equation 7)

Equation 7 is used in the main text as Equation 2.
To calculate Ecapture losses in 2050, a high capture rate of 95% is assumed

based on the finding that such high capture rates would be needed32 and
are expected to become dominant after 2040122 under stringent decarboniza-
tion targets. Furthermore, in achieving a net-zero CO2 system, Wevers et al.81

found that going beyond a 95% capture rate would be energetically unfavor-
able for deploying DAC for the remaining 5%.
In the results, we report ECCU, but when this applies to fossil CO2 sources in

2050, Equation 7 is used for the calculation. For CCU processes based on
biogenic or atmospheric CO2 in 2050, Equation 6c still applies because the
availability of these sources in 2050 is in line with a Paris-compatible scenario.
Assumptions to arrive at harmonizedGHGemissions of CCUproduct
and substitute
To complement the ‘‘Emissions of CCU technologies’’ section and Note S4,
which includes detailed assumptions according to the LCA study, this section
provides details regarding overarching assumptions in harmonization of GHG
emissions of CCU products.
For some CCU products, not all carbon in the end product has its origin in

captured CO2. Instead, some processes use fossil methane or methanol as
additional feedstock; for example, in dry reforming of methane, where
(captured) CO2 and methane are used to produce CO and H2.

164 This results
in emission of additional CO2 besides the Ereleased of 1 kgCO2/kg CO2 utilized
upon combustion of the chemical/fuel; these additional emissions are included
in Eother . Conversely, in CO2 EOR, the CO2 utilized to produce the hydrocarbon
does not end up in the product itself but stays behind in the depleted oil field.
The CO2 is cycled and used several times in the process; the amount of CO2

utilized per barrel of oil is taken to be the total amount of CO2 injected in a
well over the years of CO2 EOR operation and divided by the total number of
barrels of oil produced. Given that the CO2 utilized is defined as the CO2 stored
in the well, Ereleased is zero. The combustion of the produced hydrocarbon is
included in Eother .
Several processes produce co-products with the CCU product or with the

feedstock, leading to amultifunctionality problem. In ethylene production, pro-
pylene, butene, and hydrogen are co-produced;78 in the electrochemical
reduction process, O2 and H2 are co-produced;107 and for hydrogen produc-
tion via electrolysis, 7.94 kg O2/kg H2 is co-produced. We follow the LCA stan-
dard ISO 14044 guidelines and apply the system expansion via substitution
approach. In particular, we assume that the production of 1 kg of H2 via elec-
trolysis avoids the production of 7.94 kg of O2 via cryogenic air separation. We
used the production process of O2 using air separation in EcoInvent v.3.6 and
adapted this process to ensure harmonization of the electricity used in
electrolysis and the substituted oxygen production process; we replaced the
electricity source for the required 1.42 kWh/kg O2 in the EcoInvent process
by the 2030 and 2050 electricity mix used in the harmonization. In 2030, this
results in an emission reduction factor of 22% for H2 production because of
substitution; we multiply the emissions for H2 with a factor of 0.78; in 2050,
with electricity assumed to be emission-free, H2 production has (close to)
zero emissions.
For cement-based substitutes and CCU construction materials, we include

the CO2 uptake during the use phase and end-of-life phase, which is not
included in the analyzed LCAs. Xi et al.67 show that, from 1930 to 2013,
43% of the limestone calcination emissions in cement production were offset
because of atmospheric CO2 absorption in a natural cement carbonation pro-
cess. Cao et al.68 project that, from 2015 to 2100, 30% of cement production
emissions are absorbed by cement carbonation, largely in line with Xi et al.,67

considering that calcination of limestone currently accounts for 58.4% of the
CO2 emissions of cement production.68 To take this uptake of CO2 into ac-
count, we multiply the emissions of cement production by a factor 0.7 to
find the full life cycle emissions, including uptake.
In our analysis, we assume that industrial waste as feedstock is impact free.

Several processes in the mineral carbonates and construction materials cate-
gory require input of industrial waste; e.g., steel slag, fly ash, or desalination
brines. Although some studies assume that CCU avoids landfilling or process-
ing of these waste streams, assigning avoided emissions to the CCU product,
there is no consensus on how much these are (i.e., a factor 4 difference be-
tween avoided emissions from slag landfilling of �0.04 kgCO2-equiv/kg
CaCO3

66 and �0.16 kgCO2-equiv/kg CaCO3
65). We follow the most regularly

usedandmost conservative approachof assuming impact-freewaste streams.

Lifetimes of CCU products
We calculated the GHG intensity of CCU products without (base case) and with
the benefit of temporary carbon storage (sensitivity analysis), using a time hori-
zon of 100 years. To include the storage effect, Ereleased in Equations 1 and 2 is
multiplied by GWPstorage-100, whose value depends on the product-specific
lifetime (Table 2). For direct use of CO2 in an agricultural greenhouse, a lifetime
of less than 6 months is assumed, based on Mazotti et al.129 For EHR, perma-
nent storage129 or at least millennia11 is assumed. For mineral carbonates and
construction materials, a lifetime of centuries to permanent is assumed, based
onHepburn et al.,11 Pan et al.,58 andSanna et al.,56 except for sodiumbicarbon-
ate, which may release CO2 upon use, assuming a lifetime of 6 months. In
the fuels andchemicalscategory, formorestable chemicals (polyethylene,poly-
propylene, and polyols), a lifetime of 50 years is assumed, based on the lifetime
of months to decades for polymers11 or decades to centuries for polyure-
thanes.129 For the remainder of fuels and chemicals, a lifetime of 6 months is
assumed, based on the lifetime of 6 months indicated for methanol and urea
by Mazotti et al.,129 and for methane, Fischer-Tropsch fuels, and DME by Hep-
burn et al.11
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Supplemental information can be found online at https://doi.org/10.1016/j.
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Supplemental figures 

 

Figure S1. GHG intensity of CCU products in 2030 (kg CO2-equiv./kg CO2 utilized).  

The four shapes represent the four CCU categories and the colours are used to differentiate between the different types of CO2 sources. See Data S1 for full 

dataset including outliers not in this figure. 

  



Supplemental notes 
 

Note S1. Acronyms. 

AEL/AEC Alkaline electrolysis 
Bbl.  Barrel (of oil) 
BECCS  Bioenergy with carbon capture and storage 
BOFS  Basic oxygen furnace slag 
BOFG  Basic oxygen furnace gas 
CCU  Carbon dioxide capture and utilization 
CCS  Carbon dioxide capture and storage 
CDR  Carbon dioxide removal 
CHP  Combined heat and power 
DAC  Direct air capture 
DACCS  Direct air carbon capture and storage 
DMC  Dimethyl carbonate 
DME  Dimethyl ether 
DMM  Dimethoxymethane 
DRM  Dry reforming of methane 
ECBM  Enhanced coal bed methane 
EHR  Enhanced hydrocarbon recovery 
EOL  End-of-life 
EOR  Enhanced oil recovery 
EtOH  Ethanol 
ER  Electrochemical reduction 
FA  Formic acid 
FT  Fischer-Tropsch  
FU  Functional unit 
GHG  Greenhouse gas 
GHGI  Greenhouse gas intensity 
GWI  Global warming impact 

GWP  Global warming potential 
LCA  Life-cycle assessment 
LCI  Life-cycle inventory 
LHV  Lower heating value 
LTTG  Long-term temperature goal 
MeOH  Methanol 
MTO  Methanol-to-olefins 
NCC  Nano calcium carbonate 
NG  Natural gas 
NGCC  Natural gas combined cycle  
PCC  Precipitated calcium carbonate 
PE  Polyethylene 
PEM  Proton exchange membrane 
PEP  Polyether polyols 
PMC  Precipitated magnesium carbonate 
POM  Polyoxymethylene 
PP  Polypropylene 
PSA  Pressure swing adsorption 
R&D  Research and development 
rWGS  Reverse water-gas shift 
SCPC  Supercritical pulverized coal 
SEWGS Sorption enhanced water–gas shift 
SMR  Steam methane reforming 
SOEC  Solid oxide electrolysis cell 
TRL  Technology readiness level 
WGS  Water-gas shift 

  



Note S2. Overview of CCU technologies and associated 2020 technology readiness levels (TRL). 

Category CCU product Conversion process LCA 
reference(s) 

TRL 
in 
LCA  

2020 
TRL  

Comment 2020 TRL 

D
ir

e
c
t 

u
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CO2-enrichment 
agricultural 
greenhouse 

Direct utilization 1 n.s. 9 TRL 9 2,3 in line with production at full-scale. 
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CO2-EOR oil CO2 injection into a depleted oil field to 
recover oil; separation of CO2 and re-
injection 

4–8 n.s. 9 EOR has been operated commercially since 50 years (TRL 9) 
9,10. 

CO2-enhanced 
coalbed methane 

CO2 injection into a coal seam to 
recover methane; separation of CO2 
and re-injection 

11 n.s. 3 There are currently no active ECBM projects and rated at TRL 2-
3 9, but since there have been pilots TRL 3 is the minimum.  
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Sodium bicarbonate CO2 in flue gas reacts with NaOH 
(from NaCl/brine electrolysis) in a 
carbonation reaction 

12 n.s.  5 The LCA is based on “bench-scale” experiments 12, which means 
TRL 5. The process is distinctive for its direct utilization of flue 
gas without a separate CO2 capture step. It is therefore not the 
same process of sodium bicarbonate production for which TRL 8-
9 13 is reported, in line with the full-scale Skyonic project 14 and 
demonstration project at Twence 15, where CO2 is first separated 
before being used. No information of any pilot trials for this 
specific process found.  

Precipitated 
magnesium 
carbonate  

Indirect mineral carbonation of 
desalination brines: Magnesium ion 
extraction with NaOH as alkali source 
(from NaCl electrolysis); carbonation 

16 n.s.  4 The LCA described the process as “not commercial so based on 
mass/energy balances” 16, more recently as TRL 3-4 13; and a 
prototype from Carbon Capture Machine has been developed at 
TRL 4 17 using industrial or desalination brine as calcium source 
18, producing precipitated magnesium carbonate (nesquehonite) 
and precipitated calcium carbonate.   

Nano calcium 
carbonate 

Indirect mineral carbonation of steel 
slag: Calcium ion extraction with HCl 
(from NaCl electrolysis); carbonation 

19 n.s. 4 A prototype from Carbon Capture Machine has been developed 
at TRL 4 17, using industrial or desalination brine as calcium 
source 18. Nano calcium carbonate is an ultra-fine precipitated 
calcium carbonate, hence the TRL is at most 4.   

Precipitated calcium 
carbonate  

Indirect mineral carbonation of steel 
slag using ammonium salt (chloride) 
solution  

20 n.s. 4 A prototype from Carbon Capture Machine has been developed 
at TRL 4 17 to produce 200 kg PCC per day, using industrial or 
desalination brine as calcium source 18.  

Carbonated steel slag 
construction blocks 

Direct CO2 curing of grinded steel slag 
in an autoclave reactor  

21 n.s.  8 The LCA is performed of a “real industrial demonstrator”, 
producing carbonated blocks called CarbStone at TRL 9 2,22. The 
process is operated by the company ORBIX at a “test plant” 23 so 
currently TRL 8.  

Carbonated steel slag 
cementitious material 

Direct carbonation of basic oxygen 
furnace slag in a high-gravity rotating 
packed bed reactor 

24 n.s  
 

6 The LCA of the HiGCarb process is “based on a real industry 
installation” and a “field test” 24 using BOFS and alkaline cold-
rolling mill wastewater, hence at least TRL 6. No later projects 
were found.  

Concrete from CO2 

mineral carbonation 
curing of Portland 
cement 

CO2 mineral carbonation curing of 
Portland cement, combined with 
coarse aggregates 

25 n.s.  6 Mineral carbonation curing is studied “experimentally” in the “lab” 
25 hence TRL 4 would apply. Looking at the current FastCarb 
project in which the accelerated carbonation of recycled concrete 
aggregates is developed: in 2021 two industrial retrofitted cement 
production facilities were realized as demonstration of the 
technology 26, in line with TRL 6.   



Category CCU product Conversion process LCA 
reference(s) 

TRL 
in 
LCA  

2020 
TRL  

Comment 2020 TRL 

Concrete from CO2 

mineral carbonation 
curing of Portland 
cement and 
substitute binary 
binders 

CO2 mineral carbonation curing of 
Portland cement and MgO/ 
Wollastonite/ Limestone/ Calcium 
silicate/ BFS, combined with coarse 
aggregates  

25 n.s.  6 Mineral carbonation curing is studied “experimentally” in the “lab” 
25 hence TRL 4 would apply. Looking at the current FastCarb 
project in which the accelerated carbonation of recycled concrete 
aggregates is developed: in 2021 two industrial retrofitted cement 
production facilities were realized as demonstration of the 
technology 26, in line with TRL 6.   

Concrete from CO2-
cured Portland 
cement and 
substitute binary 
binders 

CO2-curing in concrete production from 
cement, aggregates, fly ash and slag 

27 n.s.  9 The work involved “a retrofit CO2 injection system installed at a 
ready mix concrete producer” at “industrial scale” 27. The 
technology is currently commercially available: the company 
CarbonCure is operating 175 facilities in the United States and 
Canada 10, hence TRL 9. 
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Carbon monoxide Dry reforming of methane 28,29 4-7 6 TRL 6 for syngas via DRM 13, which is the same as for CO as 
syngas is a mixture of CO and H2.  

Carbon monoxide Hydrogenation (rWGS) 28,29 7-8 7 TRL 6 is reported 30 and more recently TRL 7 since it has been 
demonstrated, but not at full scale 31. 

Dimethoxymethane Catalytic reduction with H2 to form 
MeOH; direct reductive synthesis from 
MeOH, CO2 and H2 

28,32 4-5 4 TRL 4 33 because the process has been validated in a laboratory 
environment with good reaction performance.  

Dimethoxymethane Catalytic reduction with H2 to form 
MeOH; MeOH oxidation with 
formaldehyde 

32 n.s. 7 DMM production based on methanol and formaldehyde is the 
conventional production route 32; here, methanol is produced 
from CO2 and H2, and part of it is oxidized to formaldehyde. The 
overall process is limited by the CO2-based production of 
methanol, which is in TRL 7 (see entry for methanol via 
hydrogenation). 

Dimethyl carbonate Direct synthesis from CO2 and 
methanol 

28 9 4 Study uses TRL 9 28, but this is for ethylene carbonate 
transesterification (Asahi-process) while the CCU process of 
direct synthesis from CO2 and methanol is in TRL 4-5 13. 
Conservative is TRL 4.  

Dimethyl carbonate Electrochemical conversion of CO2 and 
methanol 

34 n.s.  4 The process is operated at “laboratory scale” 34 hence at most 
TRL 4.   

Dimethyl ether DRM to syngas; direct synthesis of 
DME 

28 1-3  3 In the C2FUEL H2020 project one of the objectives is to develop 
and validate DME production via syngas utilization at lab-scale, 
hence TRL 3 at most 35. 

Ethanol Electrochemical reduction via syngas 28 1-5 2 TRL 1-2 13; TRL 2 33. 

Ethylene Electrochemical reduction 36 n.s. 3 TRL 2 33, but since the general proof of the concept has been 
demonstrated 37, this corresponds to TRL 3.  

Ethylene Hydrogenation to methanol; methanol-
to-olefins process 

36 n.s. 7 Ethylene production for polyethylene via the methanol-to-olefin 
process is operating commercially only in China and reported as 
TRL 8-9 37,38; the overall process is limited by methanol 
production in TRL 7 due to smaller scale. 

Fischer-Tropsch fuels rWGS to syngas; FT-process 28,39,40 5-9 6 The fossil-based FT-process is commercial; Royal Society expect 
FT-fuels to enter the market between 5-10 years 41. The syngas 
production step from CO2 is the limiting step, hence depending 
on the syngas production process; TRL 5-6 17 or TRL 6-7 31, 
although the process must still be integrated. 

Fischer-Tropsch fuels SMR on (bio)methane to syngas; FT-
process 

42 n.s. 6 The fossil-based FT-process is commercial; Royal Society expect 
FT-fuels to enter the market between 5-10 years 41. The syngas 
production step from CO2 is the limiting step, hence depending 



Category CCU product Conversion process LCA 
reference(s) 

TRL 
in 
LCA  

2020 
TRL  

Comment 2020 TRL 

on the syngas production process; TRL 5-6 17 or TRL 6-7 31, 
although the process must still be integrated. 

Formic acid Hydrogenation 28,29 2-5 3 TRL 3 13; in the C2FUEL H2020 project one of the objectives is to 
develop and validate formic acid production from CO2 and H2 at 
lab-scale, hence TRL 3 at most 35.  

Formic acid Electrochemical reduction via 
supercritical CO2 

43 2 2 The process is still in early stage 43 before laboratory stage, 
hence TRL 2.  

Formic acid Electrochemical reduction in aqueous 
solution 

28 3-7  5 TRL 3-5 43; moving to TRL 6 because a pilot plant is planned in 
the Netherlands 44. 

Methane Hydrogenation/ Sabatier reaction 28,29,45,46 5-9 7 TRL 7-8 13 or TRL 8 since the technology is in industrial use 47, 
and has three demonstration plants in three European countries 
including one in Troia with DAC; as well as in Japan 48. However, 
as these are not full scale, TRL 7.  

Methane Photocatalytic conversion 49 n.s. 3 TRL 3 13.  

Methanol Hydrogenation 28,29,45 5-9 7 TRL 8-9 13; a first full commercial plant with capacity of 110 Mt of 
methanol per year will be commissioned in 2021 50; thus far no 
full-scale plants, hence TRL 7.  

Methanol Electrochemical reduction 51 low 2 TRL 1-3 13; TRL 2 33. 

Methanol Photocatalytic conversion 49 n.s. 1 TRL 1-3 13. Conservatively, TRL 1.  

Methyl formate Integrated CO2 absorption in methanol 
and hydrogenation 

52 n.s.  4 The process is described as “largely been demonstrated, since 
both the CO2 capture step and the utilization have been 
demonstrated on an industrial or lab scale” 52, limiting the overall 
TRL to lab scale demonstration at TRL 4.   

Polyethylene Three steps; hydrogenation to 
methanol; methanol-to-olefins process; 
polymerization of ethylene 

45 n.s. 7 Ethylene production for polyethylene via the methanol-to-olefin 
process is operating commercially only in China and reported as 
TRL 8-9 37,38; the overall process is limited by methanol 
production in TRL 7. 

Polypropylene 
 

Three steps; hydrogenation to 
methanol; methanol-to-olefins process; 
polymerization of propylene  

45 n.s. 7 Propylene production for polypropylene via the methanol-to-olefin 
process is operating commercially only in China and reported as 
TRL 8-9 37,38; the overall process is limited by methanol 
production in TRL 7. 

Polyol Propylene oxide with glycerol and CO2 28 6-9 8 TRL 8-9 13; a few companies have started producing polyols 
using CO2: Econic 53 and Covestro 54, not at full scale.  

Syngas Hydrogenation to CH4; SMR  45 n.s. 7 Since SMR is a commercial method, the production of CH4 from 
CO2 is the limiting process, which is in TRL 7. 

Urea SEWGS on BOFG; NH3 synthesis and 
combining with CO2 

55 6  6 SEWGS is the limiting process and has been demonstrated at 
pilot scale 56, hence in TRL 6. A TRL 7 demonstration is planned 
for urea production from steel gases 57. 

 

TRL of capture technology process. Capture using traditional amine solvents is currently deployed, TRL 9 9. For an overview of 2020 TRLs for a wide range of CO2 
capture technologies we refer to the report by the Global CCS Institute 9. Notably, direct air capture has a lower TRL: For the calcium looping high-temperature 
process TRL 6-7 has been reported 9,36,40; and TRL 5-7 9 for the low-temperature temperature-swing adsorption technique- given the several demonstration 
projects we assume that overall, a TRL of at least 6 can be assumed.  

TRL of H2 production. Reported TRLs for H2 production processes are TRL 8 47 or TRL 8-9 13 for a PEM electrolyzer at MW scale; and TRL 9 47 for an AEC. 
 



Note S3. Overview of LCA studies fulfilling the literature search criteria. An ‘X’ in the final column indicates the study was used in the harmonization.  

Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

D
ir
e
c
t 

u
s
e
 

CO2-enriched 
agricultural 
greenhouse 

Direct utilization 1 1 kg of CO2 
utilized; 1 kWh of 
biomethane 

Gate-to-
gate 

Yes UK grid mix Biogas 
produced in 
AD plant 

Biogas 
upgrading to 
biomethane 
AD plant  

Amine-
based 

n.a.  X 

E
n
h
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n
c
e
d
 h

y
d
ro

c
a
rb

o
n
 r

e
c
o
v
e
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CO2-EOR-oil  CO2-EOR and storage 
combination for 17 point 
sources in Northern China 

58 1 CCUS supply 
chain system 

Cradle-to-
gate 

Yes n.s. n.s. 17 emissions 
sources 

Adsorption 
and 
absorption 
depending 
on the 
source 

n.a.  

CO2-EOR-oil Northern Michigan Basin 
US site; CO2 cycling 
through 10 carbonate reef 
structures (Niagaran Reef 
complex) using high-low 
pressure separators   

4 1 bbl. of oil Cradle-to-
grave  

Yes CO2 
compressors on 
natural gas 

Natural gas Natural gas 
processing  

Amine-
based 

n.a. X 

CO2-EOR-oil Extra-low permeability 
reservoirs in Northern 
China. Separation via 
refrigeration/liquefaction 

5 1 tonne of crude 
oil 

Gate-to-
grave 

Yes Coal-fired 
powerplant  

Natural gas, 
diesel, 
gasoline 

Natural gas 
processing 

n.s. n.a. X 

CO2-EOR-oil Oil field in the North Sea; 
three-phase separation 

59 1 kg of oil Cradle-to-
gate 

Yes Coal for 
capture; Polish 
grid for 
liquefaction; 
Norwegian grid 
for EOR 
operation 

n.s. Oxyfuel coal 
power plant  

Oxyfuel 
combustion 

n.a.  

CO2-EOR-oil Oil field in North Sea 60 35 year operation 
of the EOR 
system 

Cradle-to-
gate 

Yes Natural gas n.s. Natural gas 
power 

Amine-
based 

n.a.  

CO2-EOR-oil USA, continuous gas 
injection (CGI); water-
alternating-gas (WAG); 
water curtain injection; 
separation through 
fractionation, refrigeration, 
Ryan-Holmes, and 
membrane 

61 1 barrel of oil Gate-to-
grave 

Yes US local mix  Natural gas Fossil fuel 
power plant  

n.s. n.a.  

CO2-EOR-oil CGI; WAG; tapered WAG 62 Lifetime operation 
of EOR system 

Cradle-to-
grave 

Yes n.s. n.s. Coal power 
plant 

n.s. n.a.  

CO2-EOR-oil US oil field EOR 63 169,200 MMscf of 
natural gas and 
9.0 MMbbl of 
crude oil 

Cradle-to-
gate 

Yes Local mix in 
Montana 

Natural gas Natural gas 
processing 

n.s. n.a.  

CO2-EOR-oil EOR via fractionation/ 
refrigeration; Ryan-
Holmes; membranes 

64 1 barrel crude oil Cradle-to-
grave 

Yes n.s. natural gas; 
diesel 

Coal IGCC; 
NGCC 

Post-
combustion; 
pre-
combustion; 
oxy-fuel 
capture 

n.a.  



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

CO2-EOR-oil North Sea oil fields, either 
only EOR or CCS at later 
stage 

65 1 MWh of 
electricity 
delivered to the 
grid 

Cradle-to-
grave 

Yes Natural gas Natural gas NGCC n.s. n.a.  

CO2-EOR-oil Mexican oil field (Brillante) 
EOR 

66 1 barrel of crude 
oil 

Cradle-to-
grave 

Yes Mix of 460 
kgCO2-eq/MWh 

Natural gas Ammonia 
facility 

n.s. n.a.  

CO2-EOR-oil US field with Ryan-Holmes 
gas separation 

67 1 m3 of oil Cradle-to-
grave 

Yes n.s. Coal Coal-fired 
power plant 

n.s. n.a.  

CO2-EOR-oil Mexican oil field (Brillante) 
EOR 

68 1 barrel of crude 
oil 

Cradle-to-
grave 

Yes n.s. Natural gas; 
heat 
integration 

Ammonia 
facility  

Potassium 
carbonate; 
amine-
based 

n.a.  

CO2-EOR-oil EOR using sources from 
48 lower states and five 
EOR fields 

69 1 barrel of crude 
oil  

Cradle-to-
grave 

Yes Regional grid 
mix; capture 
process for PC 
and NGCC 
uses PC and 
NGCC 

n.s. Corn-ethanol 
fermentation; 
coal power 
plant; NGCC 

Amine for 
coal and 
NG; pure 
stream from 
ethanol 

n.a.  

CO2-EOR-oil Refrigeration/fractionation; 
Ryan-Holmes; 
membrane/amine 

7 1 barrel of oil Cradle-to-
grave 

Yes 2010-US grid 
mix of 660 
kgCO2-eq/MWh  

Natural gas Coal-fired 
power plant 

n.s. n.a. X 

CO2-EOR-oil CO2-water alternating gas; 
dehydration 

6 1 MJ; 1 kWh; 1 
barrel of oil 

Well-to-well 
(cradle-to-
gate) 

Yes NGCC power Natural gas NGCC  Amine-
based 

n.a. X 

CO2-EOR-oil Refrigeration/fractionation; 
Ryan-Holmes; 
membrane/amine 

70 1 MJ of gasoline Cradle-to-
grave 

Yes US mix 2013; 
ERCOT; gas 
turbine 

Natural gas SCPC; NGCC 
power plant 

Chemical 
solvent 

n.a.  

CO2-EOR-oil Bio-CO2-EOR in the US, 
case study Booker in 
Texas 

71 1 MJ of bio-CO2-
EOR gasoline 

Cradle-to-
grave 

Yes n.s. Natural gas Corn-ethanol 
fermentation 
process 

98% purity  n.a.  

CO2-EOR-oil EOR case UK 72 

 

1 barrel of oil Gate-to-
gate 

Yes Natural gas Natural gas Anthropogenic  n.s. n.a.  

CO2-EOR-oil Weyburn EOR project in 
Saskatchewan 

73 1 GJ per year Cradle-to-
grave 

Yes Coal power n.s. Lignite coal 
power plant 

Amine-
based 

n.a.  

CO2-EOR-oil US EOR 8 1 barrel of crude 
oil 

Cradle-to-
grave 

Yes CO2 source for 
capture and 
compression; 
US mix for rest  

n.s. Coal IGCC; 
switchgrass 
IGCC; 
livestock 
manure biogas 
NGCC; NGCC; 
coal synthetic 
NG (SNG) 
plant 

n.s. n.a. X 

CO2-EOR-oil EOR 74 Production of 1 
kWh of electricity 

Cradle-to-
gate 

Yes ‘the grid’; for 
capture the CO2 
source 

n.s. Coal power Amine-
based; 
membrane; 
cryogenics; 
Selexol; 
oxy-fuel 

n.a.  

CO2-EOR-oil EOR in Northeast Purdy, 
SACROC, Ford Geraldine, 
Joffre Viking, Weyburn 

75 The entire project; 
1 barrel of oil; 1 
kWh of electricity 

Cradle-to-
grave 

Yes US grid; CO2 
source for 
capture 

Coal, natural 
gas, residual 
oil, n.s. 

Coal fired 
power plant 

n.s. n.a.  



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

CO2-EOR-oil Halten oil field, in the 
Norwegian Sea 

76 1 m3 of oil Cradle-to-
grave 

Yes Diesel; grid mix; 
natural gas 

n.s. NGCC Amine-
based 

n.a.  

CO2-EOR-oil Norwegian case: North 
Sea, Gullfaks oil field 

77 1 tonne of CO2 
used 

Cradle-to-
gate  

Yes Coal power 
plant 

n.s. Coal power 
plant 

Amine-
based 

n.a.  

CO2-EOR-oil Weyburn unit EOR 78 The EOR project Gate-to-
grave 

Yes Saskatchewan 
electrical utility 

n.s. Coal 
gasification 

n.s. n.a.  

CO2-enhanced gas 
recovery 

Marcellus Shale formation, 
US, using membrane 
separation 

79 1 GJ of natural 
gas over the 
lifetime of a 
wellhead 

Gate-to-
gate 

Yes US mix; diesel Diesel Nearly pure 
CO2 co-
production of 
industrial 
processes  

n.s. n.a.  

CO2-enhanced 
coalbed methane 

Tavan Tolgoi basin in 
Mongolia with amine-
based separation of CH4 
and CO2 for recycling 

11 1 kg of methane Cradle-to-
gate 

Yes Mongolian grid 
mix  

Coal Power plant  Amine-
based 

n.a. X 

CO2-enhanced 
coalbed methane 

CO2 injection in Thar coal 
reserve in Pakistan;  

80 10000 tons per 
day CO2 injection 

Cradle-to-
gate 

Yes Natural gas 
power 

Natural gas NGCC Amine-
based 

n.a.  

CO2-enhanced 
coalbed methane 

Chikuhou coal field in 
Japan as potential location 
of ECBM 

77 1 tonne of CO2 
used 

Cradle-to-
gate  

Yes Coal power 
plant 

n.s. Coal power 
plant 

Amine-
based 

n.a.  

CO2-enhanced 
coalbed methane 

ECBM 74 Production of 1 
kWh of electricity 

Cradle-to-
gate 

Yes ‘the grid’; for 
capture the CO2 
source 

n.s. Coal power 
plant 

Amine-
based; 
membrane; 
cryogenics; 
Selexol; 
oxy-fuel 

n.a.  

M
in

e
ra

l 
c
a
rb

o
n
a
te

s
 a

n
d
 c

o
n
s
tr

u
c
ti
o
n
 m

a
te

ri
a

ls
 

Nano calcium 
carbonate (NCC) 

Indirect mineral 
carbonation of steel slag. 
NaCl electrolysis for HCl; 
Calcium ion extraction with 
HCl; carbonation 

19 1 tonne of nano 
calcium carbonate 

Cradle-to-
gate 

Yes Coal; NG; PV; 
nuclear; wind; 
biomass  

Heat 
integration; 
LP steam  

Coal power n.a. n.a. X 

Sodium 
bicarbonate 

NaCl/brine electrolysis for 
NaOH; carbonation  

12 1 tonne of sodium 
bicarbonate 

Cradle-to-
gate 

Yes Coal power; 
NG; Korean 
mix; PV; wind 

n.s.  Coal power n.a.  n.a. X 

Precipitated 
magnesium 
carbonate  

NaCl electrolysis for NaOH 
(as alkali source);  

16 1 m3 of 
desalinated water 
or 1 kg of 
magnesium 
carbonate 
trihydrate  

Cradle-to-
gate 

Yes n.s.  Natural gas Power plant  n.a. n.a. X 

Precipitated 
calcium carbonates 
(PCC)  

Indirect mineral 
carbonation of steel slag 
using ammonium salt 
solution 

81 n.s. Cradle-to-
gate 

Yes n.s. n.s. Steel off-gas n.a.  n.a.  

Precipitated 
calcium carbonates 
(PCC)  

Indirect mineral 
carbonation of steel slag 
using ammonium salt 
(chloride) solution  

20 1 kg of PCC Cradle-to-
gate 

Yes Finnish grid mix Process 
steam from 
heavy oil 

Steel kiln gas n.a. n.a. X  

Precipitated 
calcium carbonates 
(PCC) 

Indirect mineral 
carbonation of steel slag 
using ammonium salt 
(chloride/nitrate/acetate) 
solution 

82 1 kg of CO2 
captured by 
carbonation 
process 

Cradle-to-
gate 

Yes Coal Coal  n.s.  n.a. n.a.  



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

Precipitated 
calcium carbonates 
(PCC) 

Indirect mineral 
carbonation of red gypsum 
using sulfuric acid and 
ammonium hydroxide 
solution 

83 1 tonne of CO2 
sequestered 

Cradle-to-
gate 

Yes n.s. n.s. n.s. n.a. n.a.  

Carbonated steel 
slag (construction 
blocks) 

CO2 curing of building 
blocks from slag in 
autoclave reactor.  

21 1 m3 of 
carbonated blocks 

Cradle-to-
gate  

Yes Belgian mix Diesel Steel flue gas 
(10-20% CO2); 
biogas from 
fermenters 
(25-55%); 
ammonia 

Cryogenic; 
membrane 
separation; 
amine-
based 
respectively 

n.a. X 

Carbonated steel 
slag 

Direct carbonation of steel 
slag using an autoclave 
reactor/ slurry reactor or 
rotating packed bed 
reactor  

82 1 kg of CO2 
captured by 
carbonation 
process 

Cradle-to-
gate 

Yes Coal From coal 
electricity 

n.s. (assuming 
steel plant) 

n.a. n.a.  

Magnesium 
carbonates 

Extraction of magnesium 
as Mg(OH)2 from 
serpentine rock; 
carbonation in pressurized 
fluidized bed (PFB)  

84 1 MWh of power 
from NGCC plant 

cradle-to-
gate  

Yes Natural gas Natural gas NGCC  Amine-
based or 
direct 

n.a.  

Carbonated 
petroleum coke fly 
ash 

Direct carbonation of 
petroleum coke fly ash 
using high-gravity rotating 
packed bed reactor 

85 One tonne of 
PCFA input 

Cradle-to-
gate 

Yes n.s.  Heat 
integration 

Flue gas from 
petrochemical 
plant in Taiwan 

n.a. n.a.  

Carbonated coal fly 
ash  

Direct carbonation of coal 
fly ash using high-gravity 
rotating packed bed 
reactor 

86 One tonne of CFA 
input 

Cradle-to-
gate 

Yes n.s.  n.s. Paper industry n.a. n.a.  

Carbonated steel 
slag cementitious 
material 

Direct carbonation of 
BOFS using high-gravity 
rotating packed bed 
reactor 

24 One tonne of 
BOFS input  

Cradle-to-
gate 

Yes Taiwan mix n.s.  Steel- from hot 
stove stack 

n.a. n.a. X 

CO2-cured 
concrete  

CO2 mineral carbonation 
curing of Portland cement, 
combined with coarse 
aggregates 

25 1 m3 of CO2-cured 
non-hollow 
concrete block 

Cradle-to-
gate 

Yes Diesel-power 
and Chinese 
electricity gird 

Natural gas European mix 
of waste gases 

Amine-
based  

n.a. X 

Concrete from CO-

2-cured Portland 
cement  

CO2 mineral carbonation 
curing of Portland cement 

87 1 tonne of 
concrete  

Cradle-to-
gate plus 
use  

Yes n.s.  Coal, natural 
gas and oil 

Point source 
with 10% 
concentration 
CO2  

n.a. n.a.  

CO2-cured Portland 
cement 

CO2 mineral carbonation 
curing of Portland cement 

88 1 tonne of cement  cradle-to-
gate  

Yes Coal power Coal Coal power n.s.  n.a.  

CO2-cured 
concrete and 
binary binders  

CO2 mineral carbonation 
curing of Portland cement 
and MgO/ Wollastonite/ 
Limestone/ Calcium 
silicate/ BFS, combined 
with coarse aggregates  

25 1 m3 of CO2-cured 
non-hollow 
concrete block 

Cradle-to-
gate 

Yes Diesel-power 
and Chinese 
electricity gird 

Natural gas European mix 
of waste gases 

Amine-
based  

n.a. X 

Concrete from 
reactive magnesia 
cement, fly ash and 
slag 

CO2 mineral carbonation 
curing of MgO cement, fly 
ash and granulated blast 
furnace slag 

87 1 tonne of 
concrete in 
different 
compositions 

Cradle-to-
gate plus 
use  

Yes n.s.  Coal, natural 
gas and oil 

Point source 
with 10% 
concentration 
CO2 

n.a. n.a.  



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

CO2-cured 
concrete and 
binary binders 

CO2 injection in concrete 
production from cement, 
aggregates, fly ash and 
slag 

27 1 m3 of concrete Cradle-to-
gate 

Yes US 2014  Natural gas Industrial flue 
gas  

n.s.  n.a.  X 

(CO2-cured) 
cement paste of 
MgO, fly ash and 
Portland cement 

CO2 mineral carbonation 
curing of Portland cement, 
fly ash and MgO (different 
compositions)  

88 1 tonne of cement  Cradle-to-
gate  

Yes Coal power Coal Coal power n.s. n.a.  

Concrete from steel 
slag binder and 
BFG aggregates 
(cement-free) 

Carbonated steel slag with 
blast furnace slag 
aggregates  

89 12.7 x 7.6 x 0.3 
cm slag-bond 
concrete block 

Cradle-to-
gate 

Yes Natural gas  n.s. n.s. n.s. n.a.  

Concrete from 
concrete slurry and 
recycled concrete 
aggregates 

Direct CO2 mineral 
carbonation of concrete 
slurry with recycled 
concrete aggregates 

90 1 kg of block Cradle-to-
site 

Yes n.s. Diesel  n.s. n.s. n.a.  

Concrete from coal 
ash (cement-free) 
and dicalcium 
silicate binder  

CO2 mineral carbonation 
curing of dicalcium silicate, 
coal ash with granulated 
BFS, aggregates 

91 1 m3 of concrete  Cradle-to-
gate 

Yes n.s. n.s. Thermal power 
plant 

n.a. 
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Carbon monoxide  Dry reforming of NG-
methane (DRM) 

28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix 

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  n.a. X 

Carbon monoxide Dry reforming of NG-
methane (DRM) 

29 1 kg of H2 utilized Cradle-to-
gate 

Yes EU-27 2020; 
wind; 2030 and 
2050 
projections  

Natural gas CO2 from flue 
gas; 
atmosphere 

n.s. SMR; PEM  X 

Carbon monoxide Hydrogenation (rWGS) 28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  SMR; PEM X 

Carbon monoxide Hydrogenation (rWGS) 29 1 kg of H2 utilized Cradle-to-
gate 

Yes EU-27 2020; 
wind; 2030 and 
2050 
projections 

Natural gas CO2 from flue 
gas; 
atmosphere 

n.s. SMR; PEM X 

Dimethoxymethane 
(DMM)  

Catalytic reduction with H2 
to form MeOH; direct 
reductive synthesis from 
MeOH, CO2 and H2 

28 1 kg of CO2 
treated 

Cradle-to-
grave 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  SMR; PEM X 

Dimethoxymethane 
(DMM)  

Catalytic reduction with H2 
to form MeOH; direct 
reductive synthesis from 
MeOH, CO2 and H2 

32 1 km driving of 
passenger 
vehicle; 1 kg of 
DMM 

Cradle-to-
gate (to 
grave for 
FU of 1 km) 

Yes Wind; EU-27 
2020; EU 2050; 

Electric 
heater; 
natural gas  

Biogas 
upgrading; 
DAC 

n.s. PEM X 

Dimethoxymethane 
(DMM)  

Catalytic reduction with H2 
to form MeOH; MeOH 
oxidation with 
formaldehyde 

32 1 km driving of 
passenger 
vehicle; 1 kg of 
DMM 

Cradle-to-
gate (to 
grave for 
FU of 1 km) 

Yes Wind; EU-27 
2020; EU 2050; 

Electric 
heater; 
natural gas  

Biogas 
upgrading; 
DAC 

n.s. PEM X 

Dimethyl carbonate 
(DMC)  

Direct synthesis from CO2 
and methanol 

28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 

n.s.  SMR; PEM  X 



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

long term mix 
(fossil C) 

Dimethyl carbonate 
(DMC)  

Electrochemical 
conversion of CO2 and 
methanol 

34 1 kg of DMC Cradle-to-
gate 

Yes PV for 
electrochemical 
cell; Spanish 
grid for 
pumping 

Natural gas Coal-fired 
power plant 

Amine-
based  

n.a.  X 

Dimethyl carbonate 
(DMC)  

Urea transesterification 92 1 kg of DMC Gate-to-
gate  

Yes n.s. n.s. n.s. n.s.  n.s.  

Dimethyl carbonate 
(DMC)  

Urea transesterification 93 1 kg of DMC Gate-to-
gate  

Yes n.s. Methane  n.s. n.s. n.a.  

Dimethyl carbonate 
(DMC)  

Ethylene carbonate 
transesterification (Asahi 
process) 

92 1 kg of DMC Gate-to-
gate  

Yes n.s. n.s. n.s. n.s. n.s.  

Dimethyl carbonate 
(DMC)  

Ethylene carbonate 
transesterification (Asahi 
process) 

93 1 kg of DMC Gate-to-
gate  

Yes n.s. Methane  n.s. n.s. n.a.  

Dimethyl ether 
(DME)  

2 steps: dry reforming of 
NG-methane and CO2 to 
syngas; direct synthesis of 
DME 

28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  n.a. X 

Dimethyl ether 
(DME)  

2 steps: dry reforming of 
NG-methane and CO2 to 
syngas; direct synthesis of 
DME 

94 1 GJ of DME 
produced 

Cradle-to-
gate plus 
end-of-life 

Yes Dutch electricity 
mix 

Steam 
chemical 
industry 

Fossil fuel 
power plant 

n.s.  n.a.  

Dimethyl ether 
(DME)  

2 steps: dry reforming of 
NG-methane and CO2 to 
syngas; direct synthesis of 
DME 

95 1 MJ of DME Cradle-to-
gate 

Yes Dutch electricity 
mix 

Combustion 
of excess 
syngas 

H2 production 
unit at refinery  

Amine-
based 

n.a.  

Dimethyl ether 
(DME)  

2 steps: hydrogenation to 
form methanol; 
dehydration reaction 
between methanol 
molecules  

96 1 mt of DME; 1 
MJ of DME 

Cradle-to-
gate; 
cradle-to-
grave 

Yes Wind Natural gas Biomass 
fermentation 
(96% purity) 
corn-ethanol 

n.s.  Electrolysis  

Energy storage via 
methane 

Hydrogenation to form 
methane; incineration of 
methane in NGCC with 
CCS 

97 1 kWh of 
dispatchable 
electricity 

Cradle-to-
gate 

Yes Intermittent 
renewables 

Heat 
integration 
from 
methanation 
for DAC 
energy 
demand; 
PCC capture 
withdraws 
steam from 
steam cycle  

95% natural 
gas post 
combustion 
capture; 5% 
DAC 

n.s. PEM  

Ethanol  Electrochemical reduction 
via syngas 

28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  SMR; PEM X 

Ethylene Direct electroreduction 36 1 kg of ethylene Cradle-to-
gate 

Yes Nuclear; wind; 
solar; current 
mix for DAC 

n.a. Coal and NG 
power plants; 
DAC 

Amine-
based for 
coal and 

n.a. X 



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

NG; calcium 
carbonate 
for DAC  

Ethylene  Thermocatalytic route: 
hydrogenation; to 
methanol; MTO process 

36 1 kg of ethylene Cradle-to-
gate 

Yes Nuclear; wind; 
solar; current 
mix for DAC 

Steam in 
chemical 
industry 

Coal and NG 
power plants; 
DAC 

Amine-
based for 
coal and 
NG; calcium 
carbonate 
for DAC 

PEM or 
SMR with 
CCS 

X 

Fischer-Tropsch 
fuels 

Two steps: rWGS to 
syngas; FT-process 

40 1 g of CO2 
captured; 1 MJ of 
fuel 

Cradle-to-
grave 

Yes British 
Colombia grid  

Heat 
integration; 
natural gas 

Air Solvent-
based DA 

AEL X 

Fischer-Tropsch 
fuels 

Two steps: rWGS to 
syngas; FT-process 

28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  SMR; PEM X 

Fischer-Tropsch 
fuels 

Two steps: rWGS to 
syngas; FT-process 

98 1 MJ of e-fuel Well-to-
wheel  

Yes Wind; German 
mix 

Heat 
integration; 
natural gas 

Atmosphere Sorbent-
based DAC 

AE; SOEC  

Fischer-Tropsch 
fuels 

Two steps: rWGS to 
syngas; FT-process 

39 1 MJ of FT fuel Cradle-to-
grave 

Yes PV; NG; 
biomass 

Heat 
integration 

Air; biomass 
power; natural 
gas power 

Amine-
based 

AEC X 

Fischer-Tropsch 
fuels 

Two steps: rWGS to 
syngas; FT-process 

99 1 kWh of gasoline Well-to-
wheel 

Yes PV and US grid Solar; 
conventional 
for capture  

Flue gas Amine-
based 

Electrolysis  

Fischer-Tropsch 
fuels 

Two steps: SMR on 
biomethane to produce 
syngas; FT-process 

42 Production and 
consumption of 1 
liter of FT fuel 

Cradle-to-
grave 

Yes UK grid 
electricity; in 
case of CHP 
source, CHP 
electricity 

Heat 
integration; 
biogas; 
natural gas 
and oil 

Biogas 
upgrading or 
biogas CHP 
plant 

Amine-
based 

SMR on 
biomethane; 
SMR of 
natural gas 

X 

Formic acid  Hydrogenation 28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  SMR; PEM X 

Formic acid  Hydrogenation 100 1 kg of formic acid Cradle-to-
gate 

Yes Natural gas; 
BFG; biogas; 
hard coal; 
hydro; nuclear; 
oil; PV; wind; 
wood chip 

Natural gas; 
BFG, biogas, 
hard coal; 
oil; wood 
chip 

Fossil-based 
power plant 

Amine-
based 

Electrolysis; 
hydrogen 
cracking; 
SMR 

 

Formic acid  Hydrogenation 101 1 kg of FA (85.0 
wt.%) 

Cradle-to-
gate 

Yes PV surplus Natural gas n.s. n.s. Electrolysis   

Formic acid  Hydrogenation 29 1 kg of H2 utilized Cradle to 
gate 

Yes EU-27 2020; 
wind; 2030 and 
2050 
projections 

Natural gas CO2 from flue 
gas; 
atmosphere 

n.s. SMR; PEM X 

Formic acid  Electrochemical reduction 
via supercritical CO2 

43 1 kg of FA (85.0 
wt.%) 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) based 
on 28 

n.s. n.a. X 



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

Formic acid  Electrochemical reduction 
in aqueous solution 

28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  n.a. X 

Formic acid  Electrochemical reduction 
in aqueous solution 

102 350 kt FA (85.0 
wt.%) and 500 
MW coal plant 

Cradle-to-
gate 

Yes EU BAU grid 
mix; EU 2DS 
grid mix; PV 

Steam in 
chemical 
industry 

Coal power 
plant 

Amine-
based 

n.a.  

Formic acid Electrochemical reduction 
in aqueous solution 

101 1 kg of FA (85.0 
wt.%) 

Cradle-to-
gate 

Yes PV surplus  Natural gas 10.n.s. n.s. n.a.  

Formic acid Electrochemical reduction 
in aqueous solution 

103 1 kg of formate 
(84 wt.%) 

Cradle-to-
gate 

Yes Coal; PV Steam Coal power 
plant 

Amine-
based 

n.a.  

Methane  Hydrogenation 46 1 kg of SNG Cradle-to-
gate 

Yes Italian 2030 
scenario 

Natural 
gas/coal 
depending 
on CO2 
source  

Air; range of 
point sources 
from power 
and industrial 
processes  

n.s. AEL; PEM  X 

Methane  Hydrogenation 104 1 kWh of 
electricity and 
0.49 kg of 
methane 

Cradle-to-
gate 

Yes Wind surplus 
for H2; Italian 
grid mix 

n.s. Coal power 
plant 

Chemical 
looping 

PEM  

Methane  Hydrogenation 28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  SMR; PEM  

Methane  Hydrogenation 105 1 MJ of methane Cradle-to-
gate 

Yes Excess; hydro; 
wind; nuclear; 
PV; CSP; 
current EU-27; 
natural gas; 
UAE grid 2050 

Heat 
integration 

Natural gas 
power plant 

Oxyfuel 
combustion 

Electrolysis  

Methane Hydrogenation 45 1 kg of methane Cradle-to-
gate 

Yes Wind for H2; 
German grid 
mix for rest 

Heat 
integration; 
natural gas 
in the case 
of DAC; work 
loss of 
lignite/ waste 
incineration 

Biogas 
upgrading to 
biomethane; 
flue gas from 
cement, waste 
incineration, 
and lignite-
fired power 
plants, DAC 

Amine-
based 

Electrolysis  

Methane Hydrogenation 106 1 MJ of methane Cradle-to-
grave 

Yes PV, CSP, wind, 
hydro, surplus 

Heat 
integration; 
additional 
electricity 
needed for 
DAC 

Fossil power, 
industrial, 
biogas, air 

Amine-
based 

Electrolysis   

Methane  Hydrogenation 29 1 kg of H2 utilized Cradle-to-
gate 

Yes EU-27 2020; 
wind; 2030 and 
2050 
projections 

Natural gas CO2 from flue 
gas; 
atmosphere 

n.s. SMR; PEM  

Methane  Hydrogenation 107 1 km travelled Cradle-to-
grave 

Yes PV; wind; EU 
grid; Swiss grid 

Heat 
integration 

Air; coal 
power; 

Amine-
based 

AEL; PEM  



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

biomass 
power; cement 

Methane  Hydrogenation 108 1 MJ of SNG and 
0.049 kWh of 
electricity 

Cradle-to-
gate 

Yes German 2020 
grid mix; 
renewables;  

Natural gas Coal power  Amine-
based 

PEM  

Methane  Hydrogenation 109 1 kg of SNG Cradle-to-
gate 

Yes Wind; German 
grid 

Heat 
integration 

Biogas 
upgrading  

n.s. PEM  

Methane  Hydrogenation 110 1 MJ of CH4 Cradle-to-
gate 

Yes Wind; PV; EU-
27 mix 

Heat 
integration  

Coal power; 
biogas 
upgrading 

Amine-
based 

AEL; PEM  

Methane Photocatalytic conversion 49 1 kWh electricity 
supply and 14.3 
MJ of methane 

Cradle-to-
gate 

Yes Coal for 
compression; 
PV for 
desalination 

Coal for 
capture; oil, 
NG, coal in 
process 

Coal power 
plant 

Amine-
based; 
membrane-
based; 
oxyfuel 
process; 
integrated 
gasification 
combined 
cycle 
(IGCC) 

n.a. X 

Methane Photocatalytic conversion 111 1 kWh electricity 
supply and 7.4 
passenger 
kilometers 

Well-to-
wheel 

Yes Coal for 
compression; 
PV for 
desalination 

Coal for 
capture; oil, 
NG, coal in 
process 

Coal power 
plant 

Amine-
based 

n.a.  

Methanol Hydrogenation 112 4.4 mt of 
methanol and 8.4 
mt of steel 

Cradle-to-
gate 

Yes German 2030 
mix; wind 

Natural gas Steel gases n.s. AEL; PEM  

Methanol n.s. 113 1 mt/h of 
ammonia  

Cradle-to-
gate 

Yes Natural gas Natural gas NH3 
production 

Proprietary 
solvent 

n.s.  

Methanol Hydrogenation 114 Total travelled 
distance by 
gasoline vehicles 
(km/yr.) and total 
electricity 
generation 
(TWh/yr.)  

Well-to-
wheel 

No: 
endpoint 
categories  

Wind  Natural gas Coal/ natural 
gas power 
plant; DAC 

Amine-
based; 
potassium 
hydroxide 
sorbent for 
DAC 

PEM  

Methanol Hydrogenation 115 1 tonne of 
methanol 

Cradle-to-
gate  

Yes 

 

EU mix 2016  Natural gas 
and oil 

Cement plant Amine-
based 

Electrolysis  

Methanol Hydrogenation 116 1 tonne of 
methanol 

Cradle-to-
gate 

Yes 

 

n.s. n.s. COG Chemical 
looping 

From 
chemical 
looping for 
hydrogen 
production 
from COG 

 

Methanol Hydrogenation 117 1 kg of methanol Cradle-to-
gate 

No: 
endpoint 
categories 

Renewables for 
H2; rest n.s. 

Heat 
integration; 
steam 
chemical 
industry 

Coal power 
plant; NG 
power plant; 
DAC 

Amine-
based; KOH 
sorbent for 
DAC (in 
LCI) 

Biomass 
gasification; 
electrolysis 

 

Methanol Hydrogenation 118 Treatment of 10 
t/h of OFMSW by 

n.s. Yes 600 kgCO2-
eq/MWh and 
PV for H2 

Heat 
integration 
(purge-gas is 

Anaerobic 
digestion plant 
of organic 

n.s. Electrolysis  



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

anaerobic 
digestion unit 

burned to 
generate 
steam) 

fraction 
municipal solid 
waste 
(OFMSW) 

Methanol Hydrogenation 119 1 kg of MeOH  Cradle-to-
gate 

Yes PV for H2; EU 
grid mix for rest  

Steam in 
chemical 
industry 

n.s. n.s. Electrolysis   

Methanol Hydrogenation 28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  SMR; PEM X 

Methanol Hydrogenation 94 1 GJ of methanol Cradle-to-
gate plus 
end-of-life 

Yes PV for 
electrolysis; NL 
grid mix for 
conversion; 
burning of off 
gas for 
electricity 

Steam 
chemical 
industry 

Fossil fuel 
power plant 

n.s. Electrolysis  

Methanol Hydrogenation 120 1 kg of methanol Cradle-to-
gate 

Yes Wind; excess Electric 
energy  

Biogas 
upgrading in 
WWTP  

Amine-
based 

PEM  

Methanol Hydrogenation 45 1 kg of methanol Cradle-to-
gate 

Yes Wind for H2; 
German grid 
mix for rest 

Heat 
integration; 
natural gas; 
work loss of 
lignite/ waste 
incineration 

Biogas 
upgrading to 
biomethane; 
flue gas from 
cement, waste 
incineration, 
and lignite-
fired power 
plants; DAC 

Amine-
based 

Electrolysis X 

Methanol Hydrogenation 121 1 kg of methanol Cradle-to-
gate 

Yes Wind for H2;  n.s. Coal power 
plant; 
bioethanol side 
stream 

n.s. Electrolysis  

Methanol Hydrogenation 2 1 tonne of CO2 
utilized 

Cradle-to-
grave 

Yes Dutch grid mix  n.s. Municipal 
waste 
incinerator 
(64% biogenic; 
36% fossil); 
BFG; 
hydrogen 
production 

MWI: Bilisol 
absorbent; 
BFG: 
amine-
based; H2: 
cryogenic 
capture   

AEL  

Methanol Hydrogenation 29 1 kg of H2 utilized Cradle to 
gate 

Yes EU-27 2020; 
wind; 2030 and 
2050 
projections 

Natural gas CO2 from flue 
gas; 
atmosphere 

n.s. SMR; PEM  

Methanol Hydrogenation 96 1 MJ of methanol Cradle-to-
grave 

Yes Wind Natural gas Biomass 
fermentation 

n.s. Electrolysis  

Methanol Hydrogenation 122 1 kg of methanol Cradle-to-
gate  

Yes PV; wind; coal; 
natural gas 

Heat 
integration 

Thermal power 
plant 

Amine-
based 

AEL  

Methanol Hydrogenation 123 1 tonne of 
methanol 

Gate-to-
gate 

Yes Coal Heat 
integration 

Coal power 
plant 

n.s. Electrolysis   



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

Methanol Hydrogenation 124 1 tonne of 
methanol and 
1273 kWh 

Cradle-to-
gate 

Yes US grid; PV; 
wind 

n.s. Atmosphere  n.s. Electrolysis; 
SMR 

 

Methanol Electrochemical reduction 51 1 tonne of soda 
ash 

Cradle-to-
gate 

Yes PV PV electric 
steam 

Soda ash plant  Amine-
based 

n.a. X 

Methanol Electrochemical reduction 119 1 kg of MeOH  Cradle-to-
gate 

Yes PV Steam in 
chemical 
industry 

n.s. n.s. n.a.  

Methanol Electrochemical reduction 122 1 kg of methanol Cradle-to-
gate  

Yes PV; wind; coal; 
natural gas 

Heat 
integration 

Thermal power 
plant 

Amine-
based 

n.a.  

Methanol Photocatalytic conversion 49 1 kWh electricity 
supply and 14.3 
MJ of methanol 

Cradle-to-
gate 

Yes Coal for 
compression; 
PV for 
desalination 

Coal for 
capture; oil, 
NG, coal in 
process 

Coal power 
plant 

Amine-
based; 
membrane-
based; 
oxyfuel 
process; 
integrated 
gasification 
combined 
cycle 
(IGCC) 

n.a. X 

Methanol Photocatalytic conversion 111 1 kWh electricity 
supply and 7.4 
passenger 
kilometers 

Well-to-
wheel 

Yes Coal for 
compression; 
PV for 
desalination 

Coal for 
capture; oil, 
NG, coal in 
process 

Coal power 
plant 

Amine-
based 

n.a.  

Methanol Thermochemical 
conversion of CO2 to CO; 
WGS to form H2; 
hydrogenation of CO2 

125 1 kg of methanol Cradle-to-
gate 

Yes US 2009 grid 
mix; PV 

Natural gas; 
PV 

n.s. n.s. Water-gas 
shift on 
CO2-based 
CO  

 

Methyl formate  Integrated CO2 absorption 
in methanol and 
hydrogenation 

52 1 kg methyl 
formate + natural 
gas purification 

Cradle-to-
gate 

Yes EU-27 grid mix; 
excess 
renewables  

Natural gas Raw natural 
gas with 30 
mol% or 5 
mol% CO2 

Methanol 
solvent  

SMR; PEM X 

Polyethylene (PE)  Three steps; 
hydrogenation to methanol; 
methanol-to-olefins 
process; polymerization of 
ethylene 

45 1 kg of 
polyethylene 

Cradle-to-
gate 

Yes Wind for H2; 
German grid 
mix for rest 

Heat 
integration; 
natural gas; 
work loss of 
lignite/ waste 
incineration 

Biogas 
upgrading to 
biomethane; 
flue gas from 
cement, waste 
incineration, 
and lignite-
fired power 
plants, DAC 

Amine-
based 

Electrolysis X 

Poly(limonene 
carbonate) (PLC)  

Co-polymerization of CO2 
and limonene oxide 

126 1 kg of PLC Cradle-to-
gate 

Yes Spanish and 
Brazilian grid 
mix 

Biogas  n.s. n.s. n.a.  

Polyols Propylene oxide + glycerol 
+ CO2 

28 1 kg of CO2 
treated 

Cradle-to-
gate 

Yes Marginal 
German market 
mix  

Steam in 
chemical 
industry 

Near term mix 
(biogenic and 
fossil C) and 
long term mix 
(fossil C) 

n.s.  n.a. X 

Polyols  Propylene oxide + glycerol 
+ CO2 

127 1 MJ of H2, 0.03 
kg of polyols and 
0.187 kg low 
pressure steam 

Cradle-to-
gate  

Yes n.s. Heat 
integration 

H2 production 
from naphtha 
reforming 

Amine-
based 

n.a.  



Category CCU product Conversion process Ref. Functional unit System 
boundaries 

Carbon 
footprint 
or GWP 

Electricity Heat source CO2 source CO2 
capture 
process 

H2 source Included 

Polyols Propylene oxide + glycerol 
+ CO2 

128 1 kg of polyols 
and 0.36 kWh 
electricity 

Cradle-to-
gate 

Yes Lignite; German 
2010 mix 

n.s. Lignite power 
plant 

Amine-
based 

n.a.  

Polyoxymethylene 
(POM)  

Three steps; 
hydrogenation to methanol; 
partial oxidation of 
methanol to form 
formaldehyde; 
polymerization of 
formaldehyde 

45 1 kg of 
polyoxymethylene 

Cradle-to-
gate 

Yes Wind for H2; 
German grid 
mix for rest 

Heat 
integration; 
natural gas 
in the case 
of DAC; work 
loss of 
lignite/ waste 
incineration 

Biogas 
upgrading to 
biomethane; 
flue gas from 
cement, waste 
incineration, 
and lignite-
fired power 
plants, DAC 

Amine-
based 

Electrolysis  

Polypropylene (PP)  Three steps; 
hydrogenation to methanol; 
methanol-to-olefins 
process; polymerization of 
propylene  

45 1 kg of 
polypropylene 

Cradle-to-
gate 

Yes Wind for H2; 
German grid 
mix for rest 

Heat 
integration; 
natural gas; 
work loss of 
lignite/ waste 
incineration 

Biogas 
upgrading to 
biomethane; 
flue gas from 
cement, waste 
incineration, 
and lignite-
fired power 
plants, DAC 

Amine-
based 

Electrolysis X 

Polyurethane foam  CO2-based polyols plus 
toluol-2,4-diisocyanat (TDI) 
or diphenyl diisocyanate 
(MDI) 

129 1 kg of 
polyurethane 
foam 

Cradle-to-
gate 

Yes n.s. n.s. Coal power 
plant; air 

n.s. Electrolysis; 
SMR  

 

Rubber Polyol production with 
chain extension 

130 1 kg of rubber and 
0.185 kg of 
ammonia 

Cradle-to-
grave 

Yes German mix Natural gas Ammonia 
production 

Amine-
based 

n.a.  

Syngas 

 

Two steps; hydrogenation 
to form CH4; SMR  

45 1 kg of syngas Cradle-to-
gate 

Yes Wind for H2; 
German grid 
mix for rest 

Heat 
integration; 
natural gas 
in the case 
of DAC; work 
loss of 
lignite/ waste 
incineration 

Biogas 
upgrading to 
biomethane; 
flue gas from 
cement, waste 
incineration, 
and lignite-
fired power 
plants, DAC 

Amine-
based 

Electrolysis  X 

Syngas  rWGS 108 1 kg of syngas 
and 1.11 kWh of 
electricity 

Cradle-to-
gate 

Yes German 2020 
grid mix; 
renewables 

Natural gas Coal power  Amine-
based 

PEM  

Syngas  DRM 108 1 kg of syngas 
and 1.11 kWh of 
electricity 

Cradle-to-
gate 

Yes German 2020 
grid mix; 
renewables 

Natural gas Coal power  Amine-
based 

n.a.  

Syngas DRM 131 1 tonne of syngas Cradle-to-
gate 

Yes n.s. Heat 
integration 

Coal and 
natural gas 

Rectisol 
method 

n.a.  

Urea SEWGS on BOFG; NH3 
synthesis and combining 
with CO2 

55 1 tonne of BOFG 
or 1 tonne of urea 

Cradle-to-
gate 

Yes EU grid mix; 
Dutch, Spanish, 
Belgian, French 
and Swedish 
grid mix 

Heat 
integration; 
BFG; natural 
gas 

Basic oxygen 
steel making 

SEWGS SEWGS  X 

Note S4. Overview of assessed LCA studies of CCU technologies and assumptions made to arrive at the GHG emissions of the CCU technology and its 

substitute. ‘Study name’ corresponds to column B in the full dataset with GHG emissions of CCU technologies and substitutes (Data S1). 



Ref. Study name Product Comment 

1 Oreggioni2019 CO2 enrichment 
of greenhouses 

The study compared two types of greenhouses and their annual utility use, one making use of CO2 from an anaerobic digestion 
plant biogas separation unit, separating biogas into biomethane and CO2 using an amine-based solvent; the other from burning 
diesel. As biomethane is the primary product and CO2 is a by-product, the capture emissions were assigned to biomethane and 
not given in the study. The CO2 source and greenhouse were assumed to be co-located. Since the CCU product is CO2 
enrichment, the full utility use in the greenhouse with power consumption for ventilation or production of tomatoes is not 
considered and no conversion emissions are required because CO2 is used directly to elevate the concentration of CO2 in the 
greenhouse. We assume all of it is released again. To determine the GHG intensity of the CCU product ‘CO2-enrichment of 
greenhouses’, the replacement of the heat supply was included in 𝐸𝑜𝑡ℎ𝑒𝑟 for a comparison to the substitute where the 
combustion of diesel serves for heat supply and CO2-enrichment. In the substitute case, diesel consumption for CO2-enrichment 
is more than what is needed for heating. Diesel life-cycle production emissions are included, as well as indirect emissions. 

132 Hoppe2018 Methanol; PE; 
PP; syngas 

In this study, CO2 is first converted to CH4 or methanol, which are used as feedstocks in next processes. This means that the full 
carbon content in the end-product is from captured CO2 and emissions are determined by multiplying the input of feedstock by 
the associated electricity use, and adding the electricity use for the process in which the feedstock is used. Besides the release 
of CO2 at end of life, no additional use-phase emissions are included. For the harmonization we include cement; biogas; and 
atmosphere as sources. Wind-powered electrolysis has an input of 54.73 kWh/kg H2, and the O2 by-product from electrolysis 
was not considered for further use in the study. In the harmonization the co-produced O2 was accounted for by multiplying H2 
impacts by 0.78. The GWI of German grid (capture, conversion) and wind (H2) were not given, so we assumed a GWI of 
German grid  of 0.133 kgCO2-eq/kWh 28 and wind power in Germany as in EcoInvent v3.6 (0.016 kgCO2-eq/kWh). These 
assumptions were confirmed by comparing the SI and results. Figure 6 in the study showed the contribution analysis for CH4 
and MeOH from biogas-CO2, which, together with SI data on electricity, steam and H2 requirements, informed the distribution of 
impacts between capture and conversion. Release of CO2 was determined stoichiometrically. Substitute emissions were 
provided until gate, so the same release of CO2 was added as for the CCU products. POM was included in the study but there 
was too little information to be included in the harmonization.  

55 deKleijne2020 Urea via 
SEWGS 

BOFG is compressed and treated before CO2 is captured via SEWGS. SEWGS has multiple functions: it converts CO into CO2, 
captures CO2, and separates H2. Due to this integration, impacts of capture and H2 production are not subdivided. Since no O2 is 
co-produced (no electrolysis), the multiplication factor of 0.78 is not applicable. Emissions include the share of the CO2 in BOFG 
that cannot be utilized and is vented: the amount of H2 needed in the process determines the volume of BOFG used. 1 tonne of 
BOFG corresponds to the production of 0.3 tonne of urea, and 0.73 kg of CO2 is utilized per kg urea. This value of CO2

 utilized 
was implicitly subtracted in the study (since its utilization prevented its emission in the production process) to arrive at the 
emissions for urea production. The heat demand is for a large part met through heat integration with the steel mill. Electricity use 
is 0.27 MWh/t BOFG utilized, at 0.441 kgCO2-eq/kWh, so 0.27 kWh divided by 0.3 for a kg of urea. The results were presented 
in light of the counterfactual of the final use that would be replaced. For urea production the GWI is 0.42 tCO2-eq/t urea, for 
which it was assumed in the study that urea production replaces electricity production from BOFG (the current use of BOFG), so 
emissions from electricity production from BOFG were subtracted as those no longer occurred; as this electricity was to be 
produced in another way, BOFG-based electricity is replaced by the European grid mix. In this harmonization, we assume that 
this electricity is produced by the 2030 or 2050 mix: hence, the emissions of the European grid mix electricity are subtracted 
from the total emissions (0.216 kgCO2-eq/kg BOFG corresponding to 0.49 kWh/kg BOFG; divided by 0.3 for a FU of 1 kg urea), 
and added separately as electricity needs of 0.49/0.3 kWh per kg of urea. Adding it separately allows for harmonization of the 
replaced electricity with 2030 and 2050 electricity. Release of CO2 was assumed to be the same as CO2 utilized. The substitute 
emissions are 1.0 tCO2-eq/t urea until gate, to which the same release of CO2 was added as in the CCU case.   

32 Deutz2018 DMM (direct 
synthesis or 
condensation 
with 
formaldehyde) 

Two sources of CO2 are considered: biogas upgrading to biomethane and DAC. For biogas upgrading all impacts of CO2 
capture are allocated to the source: CO2 is considered a by-product. Only compression of CO2 included: 0.01 kgCO2-eq/kg CO2 
utilized with an electricity mix of 0.01 kgCO2-eq/kWh. For DAC, a set value is assumed of -0.58 kgCO2-eq/kg CO2, so capture 
emissions are 0.42 kgCO2-eq/kg CO2 utilized, for which 0.01 kWh for compression is included. For the two routes for DMM 
production (direct synthesis and condensation with formaldehyde) all carbon content is from captured CO2, because also the 
formaldehyde is produced from methanol, which is first produced from CO2. For PEM H2, assumed electricity demand is 52 
kWh/kg H2. Oxygen co-production is not mentioned in the main text or SI, so we apply the factor of 0.78. For each process, input 
of H2, CO2, electricity and heat is listed, as well as the input of formaldehyde and methanol for the subsequent processes. Figure 



Ref. Study name Product Comment 

2 was used to divide the emissions between contributing processes, where CO2 purge was the direct emission of CO2 in the 
process. The given CO2 utilization rate per kg DMM was a bit higher than stoichiometrically expected, so there is some loss in 
the conversion process. Release of CO2 is determined by deducting CO2 purge (which is part of the CO2 input already released 
in the process) from the amount of CO2 utilized. From Figure 2 was determined that for the direct route, CO2 purge and heat 
supply accounted for 0.037 and 0.019 kgCO2-eq/kg DMM respectively; for the formaldehyde route, CO2 purge and heat supply 
accounted for 0.151 and 0.010 kgCO2-eq/kg DMM respectively. This is for a 0.01 kgCO2-eq/kWh electricity mix and the 
assumption of an electric heater at 0.01 kCO2-eq/kWh, hence heat is added to electricity part of the conversion emissions as 1 
kWh and 1.9 kWh for the formaldehyde and direct routes. Cradle-to-gate substitute emissions were not given so based on 0.24 
kgCO2-eq/kg CO2 utilized for DMM 28 and stoichiometry. Release emissions for substitute were added stoichiometrically.  

34 Garcia-
Herrero2016 

DMC (20% 
yield) 

Capture emissions are 0.19 kgCO2-eq/kg CO2 captured, claimed to be mainly from electricity use (0.34 kWh/kg CO2 captured) –
therefore out of the options PV and Spanish grid mix, it must be the grid mix. This is multiplied with the utilization rate to find 
emissions per kg of DMC. Solar PV in Spain is 0.07-0.08 kgCO2-eq/kWh (EcoInvent) so we used 0.075; Spanish grid mix is 
0.361 kgCO2-eq/kWh (EcoInvent). Two processes are described, with either water or aniline as entrainer. As aniline resulted in a 
lower GHG intensity than water, we only used the aniline results. Methanol and CO2 consumption are reported to be based on 
stoichiometric values: 0.71 kg methanol (fossil origin) and 0.49 kg CO2 per kg DMC. Hence, 3 times the amount of CO2 released 
at end of life than utilized, most of it included in 𝐸𝑜𝑡ℎ𝑒𝑟. Electricity for electrochemical cell and pumping is 132.5 kWh and 5.44 
kWh per kg DMC. Transport and waste treatment also included, but contributions found to be negligible. Total emissions were 
63.3 kgCO2-eq/kg DMC. The electrochemical process has a very low yield (0.7%) and produces a very diluted product (0.9%). 
Therefore, the energy requirements for DMC separation are high. In the future, higher yields are expected, so the study included 
DMC for a “commercial” yield of 20%, where energy would only account for 1.89 kgCO2-eq/kg DMC, which we include in the 
harmonization. The same ratio of 83% of energy for steam as in the base case is assumed, as well as for the ratio of the 
different contributing processes in electricity use. The GHG intensity of the conventional Eni process is 3.18 kgCO2-eq/kg DMC 
(cradle-to-gate). CO2 release emissions for the substitute were added stoichiometrically. 

36 Ioannou2020 Ethylene 
(thermocatalytic 
route or direct 
electroreduction) 

Two routes to ethylene: the thermocatalytic route and the direct electroreduction route. Coal and natural gas power plants both 
considered as CO2 source in the paper. For the harmonization, focused on NG as source of CO2 as highest mitigation potential 
reported in paper, and more likely to be sustained in the transition. In addition, DAC is considered with a grid mix for DAC at 
0.74 kgCO2-eq/kWh and an electricity requirement of 0.366 kWh/kg CO2 captured. -0.87 and -0.56 kgCO2-eq/kg CO2 captured 
reported for NG and DAC implying 0.13 and 0.44 kgCO2-eq capture emissions. For hydrogen production in the thermocatalytic 
route, we use PEM H2 in the harmonization with an electricity demand of 51.25 (50.6+0.65) kWh/kg H2. The co-produced O2 is 
assumed to be vented; we apply the factor of 0.78. For direct electroreduction per kg ethylene: 3.15 kgCO2, 40.14 kWh for 
electrolyser and 0.28 kWh additional requirement. Green methanol per kg requires 1.45 kg CO2 input; 0.19 kg H2; 0.3 kWh. 
Some steam was recovered. For MTO (thermo) route, 4.58 kg MeOH, 0.26 kWh input per kg ethylene. Wind is 0.0173 kgCO2-
eq/kWh for the reported process from EcoInvent. 0.85 kgCO2-eq and 2.52 kgCO2-eq emissions for direct and MTO routes 
respectively; MTO has 0.28 kgCO2-eq/kg ethylene listed as negative impact for avoided steam production. Release is 
determined stoichiometrically. Economic allocation is applied in the study to deal with the co-products. In the thermocatalytic 
route, 55% of impacts are allocated to ethylene, rest to co-products are 0.66 kg propylene, 0.20 kg butene, 0.02 kg hydrogen, 
0.05 kg pentane. In the electroreduction route, 96% of the impacts are allocated to ethylene; 4% to hydrogen for 0.0348 kg H2 
per kg ethylene. For the electroreduction route, we were able to apply substitution instead (as this is the preferred approach to 
dealing with multifunctionality) by subtracting the production of 0.0348 kg H2 from the total emissions and attributing all of the 
remaining impacts to ethylene. In the thermocatalytic route, CO2 utilization in kg CO2 utilized/kg ethylene is with 4.58*1.45 higher 
at first, but this partly ends up in other products (propylene, butene etc.) so also 55% of CO2 utilized is allocated to ethylene. Due 
to missing information, this adjustment was not possible for the thermocatalytic route. Substitute emissions are 1.51 kgCO2-
eq/kg ethylene. CO2 release emissions for substitute were added stoichiometrically. 

42 CuellarFranca2019 FT-fuel; SMR on 
biomethane to 
produce syngas 

Four cases described in the study: biogas upgrading of biomethane and three different CHP configurations. The case with the 
lowest GHG intensity is considered here: the biogas upgrading scenario. Inputs per litre include: 4.21 kg biogas of which 2.5 kg 
CO2, 15 MJ electricity (0.328 kgCO2-eq/kWh for UK grid mix), 0.236 kg H2 produced internally via SMR on the biomethane to 
produce syngas, separated by PSA; 29 MJ steam produced internally and 49 kg NG supply for heat. Process energy not given 
separately per process step but as one number so not possible to disaggregate between process steps. Transport of sewage as 



Ref. Study name Product Comment 

input to the biogas upgrading plant is included because the biomethane is also used as input in the process. Plant construction 
is included. Total of 3.2 kgCO2-eq/L converts to 87 gCO2-eq/MJ while conventional diesel has a GHG intensity of 88 gCO2-
eq/MJ (cradle-to-grave). Displaced co-products are fertilizers and 0.016 kg H2/L, which is assumed to replace NG-SMR H2 
based on EcoInvent, in total leading to 5.1 kgCO2-eq/L of avoided emissions. Harmonising this H2 avoidance, we replace the 
displaced emission of SMR H2 at 1.9 kgCO2-eq/kg H2 by 0.02 kg H2 at 52 kWh as electricity used for electrolysis-H2. In the study 
it is assumed that because CO2 is of biogenic origin, its utilization or release upon combustion does not contribute to the 
emission balance; we do include CO2 utilized and the release at end of life. The obtained fuel density is 0.849 kg/L, for diesel 
0.846 kg/L (carbon content of 86%), leading to 2.67 kgCO2/L at end of life, of which 2.5 kg are from utilized CO2. Emissions for 
substitute per litre are calculated from the given GWP of diesel of 0.088 kgCO2-eq/MJ, using the LHV of diesel of 36 MJ/L. 

39 VanderGiesen2014 FT-fuel Biomass combustion provides CO2 and electricity, which is used in the process of FT-fuel production. CO2 production in the 
power plant is included in this study because all electricity is used up in the process. CO2 uptake in biomass for electricity 
production has an influence on the electricity footprint, but not relevant because electricity mix is harmonized here. Energy 
penalty for capture is 30%: this means that 0.25 MJ energy is required for CO2 capture. H2 is used in rWGS and for syngas: 
producing 1 kg of syngas requires blending 0.125 kg H2 with 0.875 kg CO. In rWGS 1.57 kg CO2 and 0.07 kg H2 for 1 kg of CO; 
2.01 kg CO and 0.288 kg H2 for 1 kg (43.2 MJ) of FT-fuel, so in total 0.141+0.288 kg H2. For 1 MJ, 0.07 kg CO2 is utilized. 
Electrolysis H2 requires 56.7 kWh/kg H2, plus 0.66 kWh for compression, so 57.36 kWh/kg H2. In the harmonization, the factor of 
0.78 is applied to account for co-produced oxygen. Additional electricity needed for H2 production is covered by PV (only 9% 
covered by the power plant). Plant emissions without capture are 1.14 kgCO2/kWh, which are the emissions we use as power 
plant emissions because electricity is the primary product: we allocate capture and CO2 utilization to the FT-fuel. It is assumed 
that in what is called ‘background’ emissions in the study, infrastructure and amine-production are included: impacts are given 
as 0.03 kgCO2-eq/MJ, which we include in conversion emissions. The study assumes that the FT-fuel has properties 
comparable to conventional diesel: a lower heating value of 43.3 MJ/kg and 0.0716 kgCO2 emission per MJ fuel combusted, 
included as the CO2 released. For the substitute of diesel 0.01 kgCO2-eq/MJ are given to be associated with its production (81.6 
gCO2-eq/MJ). 

40 LiuSandhu2020 FT-fuel Two capture processes are considered in the study: an oxy-fired calciner (using natural gas and oxygen) or electric calciner to 
separate the CO2 from CaO. Since the electric calciner has the lowest impacts, we include it in the harmonization. The electricity 
used for the electric calciner accounts for 0.02 kgCO2-eq/kg CO2 captured; the full capture process results in 0.035 kgCO2-eq/kg 
CO2 captured. The carbon intensity of the electricity used is 13 gCO2-eq/kWh; hydrogen production needs 57 kWh/kg H2, used 
for both the rWGS and FT-process, in total accounting for 0.10 kgCO2-eq/kg CO2 captured. In the base case all emissions of 
electrolysis are assigned to H2 so we apply a factor 0.78. In 𝐸𝑜𝑡ℎ𝑒𝑟the additional emissions besides utilized CO2 for combustion 
are included, net emissions 0.16 kgCO2-eq/kg CO2 captured. End-use: 75 gCO2-eq/MJ fuel and 0.73 gCO2 captured 
corresponds to 1 MJ. Substitute emissions of 0.088 kgCO2-eq/MJ fuel based on Cuéllar-Franca et al. 42. 
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Thonemann 
&Pizzol2019 

CO via DRM; 
CO via rWGS; 
DMC; DME; 
DMM; EtOH; FA 
via ER; FA via 
hydrogenation; 
FT-fuel via 
rWGS; MeOH; 
Polyether polyol 

The functional unit in the paper is ‘1 kg of CO2 captured’ which is in the calculations the same as ‘1 kg of CO2 utilized’. Mixes of 
non-power high and low purity CO2 sources are considered for ‘near-term’ and ‘long-term’ scenarios respectively. Near-term: 
ammonia (48%), H2 (18.4%), bioenergy (26.4%), fermentation (7.2%). Long-term: ammonia (0.4%), iron (24.4%), ethylene 
(11.4%), cement (63.8%). GHG emissions associated with the capture process are given as -0.80 kg CO2-eq/kg CO2 captured 
for near-term and -0.34 kg CO2-eq/kg CO2 for long-term, including a negative 1 kgCO2/CO2 captured. In the SI LCI, the 
electricity use for capture from each source was given, which was multiplied by their share in the mix and harmonized. Electricity 
for conversion was also given. Electricity source was the high voltage German mix from Ecoinvent v3.4 at 0.133 kgCO2-eq/kWh. 
Hydrogen production in near-term scenario was from the mix of cracking fossil fuels in EcoInvent (1.7 kgCO2-eq/kg H2); for the 
long-term scenario, electrolysis via PEM was used, requiring 54.6 kWh/kg H2 and co-producing 8 kg O2, which is assumed to 
avoid production of O2 via cryogenic air separation. In our harmonization the co-produced O2 was accounted for by multiplying 
H2 impacts by 0.78, ensuring harmonizing the electricity in the O2 production process. We use PEM H2 for both mixes of CO2 
sources. Hence, the only difference in our harmonized version of ‘near-term’ and ‘long-term’ is the CO2 source and associated 
capture emissions. Substitute emissions were included in the study as avoided emissions, assuming the marginal production of 
the same amount of an identical chemical. We list them separately. We added EOL emissions based on how much product was 

produced and stoichiometry. Some processes use additional fossil feedstock, for which EOL emissions are included in 𝐸𝑜𝑡ℎ𝑒𝑟: 



Ref. Study name Product Comment 

- CO via DRM: uses 0.34 m3 CH4 from natural gas as feedstock; H2 is co-produced hence a negative number is given for 
avoided H2; also 0.22 kg steam is co-produced at 0.32 kgCO2-eq/kg steam and 0.37 MJ heat at 0.12 kgCO2-eq/MJ. 
These are subtracted from conversion emissions to find the substitute emissions for production of 1.10 kg CO/kg CO2 
utilized: 1.06 kgCO2-eq/kg CO2 captured. EOL emissions are 1.73 kgCO2/kg CO2 utilized.  

- CO via rWGS: Some loss in conversion: 0.006 kgCO2/kg CO2 utilized. For the substitute production of 0.63 kg CO/kg 
CO2 utilized, emissions are 0.61 kgCO2-eq/kg CO2 utilized. EOL emissions are 0.994 kgCO2/kg CO2 utilized. 

- DMC: uses feedstock methanol from fossil origin (2 mole per mole of CO2). EOL emissions are 2.17 kgCO2/kg CO2 
utilized. 

- DME: uses 0.43 m3 CH4 from natural gas as feedstock; has 0.914 kgCO2 /kg CO2 utilized conversion loss emissions; 
produces 0.57 kg DME with emissions of 1.20 kgCO2-eq/kg CO2 utilized. EOL emissions are 1.09 kgCO2/kg CO2 
utilized. 

- DMM: for the substitute production of 0.309 kg DMM/kg CO2 utilized (based on the lower heating value) the emissions 
are 0.238 kgCO2-eq/kg CO2 utilized. Some loss: 0.019 kgCO2/kg CO2 utilized: EOL emissions are 0.981 kgCO2/kg CO2 
utilized, and for the substitute based on the produced product stoichiometrically.  

- EtOH: for the substitute production of 0.286 kg ethanol/kg CO2 utilized the emissions are 0.40 kgCO2-eq/kg CO2 
utilized. Some loss: 0.05 kgCO2/kg CO2 utilized. EOL emissions are 0.95 kgCO2/kg CO2 utilized, and for the substitute 
based on the produced product stoichiometrically. 

- FA (ER in aqueous solution): for the substitute production of 1.02 kg FA/kg CO2 utilized the emissions are 4.52 kgCO2-
eq/kg CO2 utilized. EOL emissions are 1 kgCO2/kg CO2 utilized, and for the substitute based on the produced product 
stoichiometrically.  

- FA via hydrogenation: for the substitute production of 1.02 kg FA/kg CO2 utilized the emissions are 4.49 kgCO2-eq/kg 
CO2 utilized. Some loss: 0.029 kgCO2/kg CO2 utilized. EOL emissions are 0.971 kgCO2/kg CO2 utilized, and for the 
substitute based on the produced product stoichiometrically. 

- FT-fuel: for the substitute production of 0.146 kg naphtha and 0.115 kg kerosene the emissions are 0.177 kgCO2-eq/kg 
CO2 utilized. EOL emissions are 1 kgCO2/kg CO2 utilized, which is also assumed for the substitute.  

- MeOH: for the substitute production of 0.696 kg MeOH/kg CO2 utilized the emissions are 0.764 kgCO2-eq/kg CO2 
utilized. EOL emissions are 1 kgCO2/kg CO2 utilized, and for the substitute based on the produced product 
stoichiometrically. 

- Polyol: uses several feedstocks: 5.02 kg propylene oxide; 0.13 kg glycerin and 0.38 kg propylene glycol. For the 
substitute production of 6.21 kg polyol/kg CO2 utilized the emissions are 26.21 kgCO2-eq/kg CO2 utilized. Based on all 
these feedstocks and stoichiometry, EOL emissions for the CCU product were determined to be 13.27 kgCO2-eq/kg 
CO2 utilized and for the substitute in a similar manner: 13.98 kgCO2-eq/kg CO2 utilized. 

43 Thonemann 
&Schulte2019 

Formic acid ‘Near-term’ mix 28 considered: ammonia (48%), H2 (18.4%), bioenergy (26.4%), fermentation (7.2%). GHG emissions associated 
with the capture process are given as -0.80 kg CO2-eq/kg CO2 captured, including a negative 1 kgCO2/CO2 captured. In the SI 
LCI, the electricity use for capture from each source was given, which was multiplied by their share in the mix and harmonized; 
also electricity for conversion was given. Electricity GHGI from conversion of LCI to LCIA results is found to be 0.133 kgCO2-
eq/kWh, which we use. This is a prospective LCA, where scale-up of the technology is considered. We use the results for the 
flow-through reactor scale-up because, out of several scale up reactors, it had the lowest overall emissions. 0.31 kg O2 is co-
produced, substituting conventional production of O2 via cryogenic air separation, which means credits are allocated for avoiding 
that production (0.74 kgCO2-eq/kg O2); in this harmonization instead, we include avoided electricity use for O2 production (being 
99% of its impacts), at 1.418 kWh/kg O2. 1.06 kg CO2 was utilized per FU. The substitute’s production accounts for 4.4 kgCO2-
eq/kg FA (85 wt.%). EOL emissions were determined stoichiometrically, multiplied by 85%, arriving at 0.81 kgCO2/kg FA (85 
wt.%). 

46 Bargiacchi2020 Methane  For DAC, 1.29 MJ electricity and 4.19 MJ steam are required to capture 1 kg of CO2; for the market pulp mill, of which over 80% 
of the emissions are due to burning residual biomass 133 only 1.03 MJ electricity required for capture, no additional heat; for 
NGCC as a source, only 1.6 MJ electricity required. DAC heat impacts were found by subtracting the electricity impacts from the 
total GWI given as -0.60941 kgCO2-eq/kg CO2 captured. CO2 compression further requires electricity: 0.612 MJ/kg CO2. For 
methanation, 2.69 kg CO2 and 0.49 kg H2 required as input. Electricity is modelled as the Italian 2030 mix, from the LCI and 



Ref. Study name Product Comment 

LCIA, obtained that the footprint it 0.279 kgCO2-eq/kWh. H2 produced via electrolysis, using a value typical for AEL and PEM: 
4.5 kWh/Nm3 of H2, or 196 MJ/kg H2 plus 1.5 MJ/kg H2 for compression. Electrolysis co-produces 7.94 kg O2/kg H2, solved by: all 
burdens allocated to H2 in base case; mass allocation; economic allocation. From GWI change between cases, assumed 
avoided impacts for O2 production must be -1.9 kgCO2-eq/kg O2. We instead apply the factor of 0.78. Status quo of natural gas 
production has a reported 0.52 kgCO2-eq/kg NG. EOL emissions were taken to be equal to CO2 utilized; the same for the 
substitute. 

51 Rumayor2020 Methanol via ER As the FU is production of 1 tonne of soda ash. The impacts of methanol production were found by subtracting the impacts of 
soda ash production from soda ash + methanol production (system expansion via substitution). In practice this was achieved by 
only including the emissions presented in Figure 5 that occur from the capture process onwards. We use the results for the 100-
year horizon (GWP100). Energy consumption for capture is 29.49 kWh/t soda ash; 4.26 MJ of heat/kg CO2 captured - equalling 
1.18 kWh/kg CO2 (PV electric steam). Per tonne of soda ash, 197 kg MeOH is produced, and 1.38 kgCO2/kg MeOH, so 321 kWh 
electric steam per tonne of soda ash for capture. From Figure 5, capture emissions (not electricity) are 21.45 kgCO2-eq/t soda 
ash. As 1228 kWh/t soda ash for heat is the total for capture and ER, and 322 kWh is for capture, the remaining 906 kWh is for 
ER (heat). Also 5747 kWh/t soda ash is required as electricity for ER. From Figure 5 and LCI data on electricity use, the GHG 
intensity of electricity was determined to be 0.0527 kgCO2-eq/kWh. Water for ER led to 14.85 kgCO2-eq/t soda ash. The co-
products of ER are 644 kg O2 and 43.74 kg H2, substituting cryogenic air separation-O2 and NG-SMR H2. From Figure 5, these 
impacts were 1.31 kgCO2-eq/kg H2 and 0.54 kgCO2-eq/kg O2. These avoided emissions were harmonized according to the 2030 
and 2050 electricity mixes for cryogenics-O2 assuming 1.418 kWh/kg O2 and electrolysis-H2 using 52 kWh/kg H2. Substitute not 
presented, so assumed the same value as in Hoppe et al. 132: 0.82 kgCO2-eq/kg MeOH. CO2 EOL emissions are determined 
stoichiometrically. 

52 
 

Jens2019 Methyl formate A separated and integrated process are described in the study; here we focus on the integrated process as the study found it to 
have a lower overall GHG intensity. CO2 from natural gas is absorbed by methanol in a single loop where also CO2 reacts with 
H2 and methanol to form methyl formate. The reactant MeOH can be CO2-based or NG-based. The LCI does not contain 
information on CO2-based methanol production so we used fossil methanol production as reactant MeOH. We use the data on 
the process with the 30 mol% CO2 stream which has a lower overall GHG intensity than 5 mol% CO2 stream. H2 is added 
stoichiometrically to the process so that the molar flow rates of CO2 and H2 are equal, while 1.05 mol MeOH/mol methyl formate 
is required- so assuming that half of the carbon ending up in the end-product is from captured CO2 (1 mol CO2 utilized/ mol 
methyl formate). In the results presented in Figure 5 H2 from SMR is assumed, for which the EcoInvent process in EU-27 (as 
referred to in SI), is 1.9 kgCO2-eq/kg H2; in the harmonization we use the case of PEM-electrolysis. Electricity use was not given, 
hence we assumed 52 kWh/kg H2. We accounted for the co-produced O2 by multiplying H2 impacts by 0.78. Electricity demand 
is 0.862 MJ/kg of methyl formate for the integrated process at 30 mol%. NG purification emissions were subtracted from the 
utilization case and substitute case to achieve the FU of only methyl formate production. EOL emissions are determined 
stoichiometrically. 

29 Sternberg2017 CO via DRM; 
CO via rWGS; 
FA via 
hydrogenation 

The mean of the atmospheric CO2 range is -0.50 kgCO2-eq/kg CO2 captured. More information is not given so electricity use for 
the capture process is not harmonized. Several H2 production methods considered, including PEM, requiring 50 kWh/kg H2 and 
given as 18.5 kgCO2-eq/kg H2 for the EU-27 2020 mix. From this we deduct that the carbon footprint of the EU-27 2020 mix is 
0.37 kgCO2-eq/kWh. This footprint is used for the rest of the electricity use in the process. Results in the study are given as 
figures with error bars representing two CO2 conversion processes with different electricity mix, for which we have taken the 
mean as also was done in the paper for presenting the results, based on the EU-27 2020 mix. 1 kg of H2 was spent partly on 
creating a CO2-based chemical, and for a part simply as H2 because in the substitute case this same amount of H2 is co-
produced with the chemicals. The amount of CO2 utilized per kg of H2 was found by multiplying the yield as given in SI and as 
given for the substitute (kg product/kg H2) by the molar ratio (kg CO2 utilized/kg product). For CO via DRM, additional input of 
input of CH4 was needed. From the results it was found from -3.84 kgCO2-eq/kg H2 attributed to the source of CO2 at -0.70 
kgCO2-eq/kg CO2 captured, that 5.5 kgCO2 was utilized per kg of H2 to produce 6.02 kg of CO. In this case, the EOL emissions 
were determined based on the 6.02 kg product of CO. In all other cases no additional feedstock was used and the EOL 
emissions were assumed to be equal to the utilized CO2, also for the substitutes. Substitute emissions cradle-to-gate were 
included in the study. 



Ref. Study name Product Comment 

49 Trudewind2014 Photocatalytic 
CH4 and MeOH  

A coal power plant with different capture technologies was considered. We used the MEA-retrofit as all LCI data is included. 
Compression and capture resulted in decrease of 13.11% efficiency of the power plant. By subtracting the emissions associated 
with 1 kWh in the reference case (0.865 kgCO2-eq) from the emissions associated with the 1 kWh production in the capture case 
(0.262 kgCO2-eq), capture-associated impacts are allocated to the CCU process. No specification of electricity versus heat use 
in capture, so not harmonized for electricity mix. In the FU of this study, conventional MeOH was needed to supplement the 
CO2-based MeOH to 14.3 MJ; in the process 12.03 MJ of MeOH was produced. We only considered the CO2-based production 
and matched the substitute production. The photocatalytic reactor produces 0.655 kg MeOH or 0.410 m3 CH4 from 1 kg of CO2. 
Assuming energy content of 22.7 MJ/kg MeOH and 55.5 MJ/kg CH4, 12.03 MJ of MeOH utilized 0.81 kg CO2; and 14.3 MJ of 
CH4 utilized 0.88 kg CO2. Electricity for desalination plant is 2.411 kWh/m3 water; electricity source PV; 0.819 kg water per kg of 
CO2. The substitute emissions were given as 0.572 kgCO2-eq and 0.1716 kgCO2-eq per 14.3 MJ of MeOH and CH4 
respectively. EOL emissions for both the CCU and substitute products based on the energy content and stoichiometry.  

19 Lee2020 Nano calcium 
carbonate 
(NCC) 

No capture process needed, flue gas is captured and converted directly in the alkaline. Electricity need is 1.54 MWh/t nCaCO3 

using coal power of 820 kgCO2-eq/MWh; 2.71 t steel slag and 0.439 t CO2 are used for 1 t nCaCO3. Heat integration and low-
pressure steam (2.48 GJ/t nCaCO3). The process comprises six sub-processes: NaCl electrolysis, steel slag crushing, 
extraction, purification, carbonation, and NaCl solution recycling. By far the most electricity was used for NaCl electrolysis. 
Calcium feedstock is waste steel slag instead of limestone: substitute is limestone-based nano calcium carbonate with 
emissions of 0.95 tCO2-eq/t nCaCO3. It is assumed that steel slag landfilling is avoided by using it in this process. The CO2 
emission factor of steel slag treatment is calculated from the amount of avoided steel slag landfilling: -0.059 kgCO2-eq/kg, 
leading to -0.16 tCO2-eq/t nCaCO3. This value of 0.059 kgCO2-eq/kg is the value used in 20; however the assumption in 20 is that 
only 12wt% of input slag is avoided. In this harmonization, these avoided impacts are not included. Assumed to have no EOL 
emissions.  

12 Lee2018 Sodium 
bicarbonate 

No capture process needed, flue gas is captured and converted directly in the alkaline solution. Electricity consumption is 2.38 
MWh/t Cl2 for brine electrolysis, using coal power (820 kgCO2-eq/MWh). Figure 6 gives 0.48 t Cl2/t NaHCO3, these numbers are 
multiplied to find the electricity consumption per FU. 0.54 tCO2 is utilized per FU; for the carbonation process the direct and 
indirect emissions are 0.06 and 0.08 tCO2 respectively; for the brine electrolysis 1.05 tCO2 per FU. These are all added, and the 
electricity is listed separately. Co-products in electrolysis are 0.48 t Cl2 and 0.01 t H2. In the economic assessment, a revenue is 
assumed for these products, but no avoided emissions are included in the LCA. The conventional sodium bicarbonate process 
(Solvay process and chlor-alkali process) produces 2.74 tCO2/t sodium bicarbonate. Sodium bicarbonate can be used in many 
different ways, e.g., for flue gas cleaning, in the pharmaceutical and hemodialysis sectors, as baking powder. In these cases, the 
CO2 is released at the end of its life, hence 1 kgCO2/kg CO2 utilized EOL emissions. The substitute has the same EOL 
emissions.  

16 Galvez-
Martos2016 

Precipitated 
magnesium 
carbonate 
(PMC) 

Two FUs are assessed in the study, either including the desalination process of seawater producing brine and desalinated water 
(FU is 1 m3 of desalinated water); or assuming the brine as waste product from which the carbonate is produced (1 kg of 
product). We include the desalination process. The conversion is found in the results tables: 65 m3

 desalinated water/t product. 
CO2 utilized is found in Eq.1 and 2, where 44.01 gCO2/mol divided by 138.36 g MgCO3.3H2O/mol gives 0.32 kgCO2/kg 
MgCO3.3H2O utilized. In the study, alkaline absorption and carbonate precipitation are included in the capture process but here 
included in the conversion process; the desalination brine is used in carbonate precipitation. NaOH produced by the electrolysis 
of NaCl is the alkali source: NaOH emissions of 1 kgCO2-eq/kg NaOH were based on European electricity mix. We take the 
base case where 1.9 moles of alkali are consumed per mole of CO2 captured, and based on 12 2.38 kWh/kgCl2 and molar ratio 
we find that 2.11 kWh is needed per kg NaOH: 1 kgCO2-eq/kg NaOH is in line with 0.46 kgCO2-eq/kWh. The total emissions of 
desalination and absorption are 1.50 and 3.51 kgCO2-eq/m3 respectively. The captured CO2 has already been subtracted (see 
Eq. 1 and Eq. 2), hence we add them to find the process emissions. Several desalination technologies are included, of which the 
base case of osmosis is electricity-based and provides the most detailed results: 2.5-4 kWh/m3 are needed, leading to 1.2-1.8 
kgCO2-eq/m3 (EU-27 mix of 0.46 kgCO2-eq/kWh), for which the average is taken for by the authors of the study, which we also 
do. Washing and activation (thermal dehydration, using natural gas) included in the conversion emissions (0.23 and 0.26 kgCO2-
eq/m3). Study assumes substitution of plasterboard materials as avoided emissions, which are taken as the substitute 
emissions: 0.343 kgCO2-eq/kg. No EOL emissions are assumed.  



Ref. Study name Product Comment 

20 Mattila2014 Precipitated 
calcium 
carbonate 
(PCC) 

The Slag2PCC process uses an aqueous ammonium chloride 0.01 mol/L or 0.65 mol/L NH4Cl solution to capture and convert 
CO2. In this harmonization, we use the former because it results in lower environmental impacts. Electricity use for the process 
is 1.01 MJ or 0.28 kWh, using Finnish grid mix of 0.42 kgCO2-eq/kWh. Total impacts are -0.324 kgCO2-eq/kg PCC for the 0.1 M 
process. 0.44 kgCO2/kg PCC is utilized, which has already been included implicitly as avoided emissions in these totals; we 
include it separately. Slag landfilling was assumed as an avoided emission for 0.70 kg slag/kg PCC (12 wt.% of the input slag) 
(Process: 128 Waste treatment, landfill of waste, slag/ash, EU27; from the EU and Danish Input Output library) leading to -
0.0412 kgCO2-eq/kg PCC. These avoided emissions are not included in the harmonization. The substituted product is 
conventional PCC with cradle-to-gate emissions of 1.04 kgCO2-eq/kg PCC. EOL emissions are assumed to be zero.  

21 DiMaria2020 Carbonated 
steel slag 
construction 
blocks 

Considering steel flue gas combined with cryogenics (10-20%), using 5.3 kWh of electricity; for biogas fermentation (25-55% 
CO2) 0.64 kWh per FU. However, for biogas fermentation, only 41% percent of the impacts are assigned to CO2 production, the 
rest to the purified biogas production (economic allocation)- since the electricity use is so low, it has no impact on the results if 0 
or 100% of these electricity emissions are allocated to CO2. Carbstone production process: (i) pre-treatment of the slag (not in 
LCA), (ii) shaping of the building blocks and (iii) CO2 curing of the building blocks in an auto-clave. Mixing has 2.5 kWh electricity 
input; curing 0.2 kWh electricity and uptake is 8.5 kg CO2 per block of 92 kg. Belgian mix is 0.24 kgCO2-eq/kWh (from comparing 
LCI with LCIA and confirmed by checking EcoInvent). Impacts were derived from the figure: total positive impacts are 4.1 
kgCO2-eq/FU for steel gas; 2.9 kgCO2-eq/FU for biogas, resulting for both processes in 2.18 kgCO2-eq/FU for the non-electric 
conversion process emissions. No impacts allocated to stainless steel slag, considered as a waste stream; slag pre-treatment 
where some metals are recuperated from the stainless steel slag using a wet mechanical treatment is not included in the system 
boundaries. Substitute of this carbonated block is assumed to be 1 m2 (94.4 kg) of Portland cement-based (14.4 kg) concrete 
block: 12.8 kgCO2-eq/FU from the results figure. We assume that 30% of cement’s production emissions is compensated later in 
its lifetime by CO2 uptake 134 and zero EOL emissions for the CCU block.  

24 Pan2016 Carbonated 
steel slag 
cementitious 
material 

In the HiGCarb process CO2 in steel gases is used to neutralize alkaline cold-rolling mill wastewater and CaO and Ca(OH)2 in 
BOFS can be eliminated. Slag and wastewater from the steel plant are assumed to be waste and zero-emission inputs to the 
carbonation process. The study includes scenarios for different CO2 capture efficiencies and operating conditions, of which the 
H2 scenario has lowest electricity use (204.7 kWh/tCO2), with utilization of 0.317 tCO2/t BOFS, which we include in this 
harmonization. The CO2 from the hot-stove stack was directly reacted with the slurry of BOFS and wastewater in a RPB reactor. 
HiGCarb process covers BOFS grinding, stirring machines, blowers, air compressors, pumps, RPB reactor. Grinding is 43 kWh/t 
BOFS, using the Taiwanese mix at 0.522 kgCO2-eq/kWh. RPB manufacturing is 5 kgCO2-eq/t BOFS; included separately. So 
effectively, only electricity input and RPB manufacturing is considered in the LCA, the rest of the inputs was assumed to be 
impact-free. End product is 1.318 t carbonated BOFS/t BOFS. This supplementary cementitious material was assumed to 
replace 1 kg of Portland cement per kg of material: 0.756 tCO2-eq/t cement. We assume that 30% of cement’s production 
emissions is compensated later in its lifetime by CO2 uptake 134 and zero EOL emissions for the CCU block.  

25 Huang2019 CO2-cured 
concrete (and 
binary binders) 

Concrete production many different ways using CO2-curing of concrete and/or carbonation of waste materials. We consider 1) 
CO2-curing of concrete and 2) the process with the lowest overall impacts using Wollastonite. All blocks contain cement with 
impacts of 0.895 kgCO2-eq/kg cement; 370 kg for the CO2-cured concrete and 296 kg for the Wollastonite block. Capture is 
amine-based: for capture and transport of the CO2, 45 kgCO2-eq/m3 for CO2-cured concrete (CO2 uptake is 60.3 kgCO2/m3) and 
50 kgCO2-eq/m3 for Wollastonite-type (CO2 uptake is 68.5 kgCO2); not specified for electricity use. Chinese grid electricity is 
used for compacting, mixing and other plant operations; diesel-power is used for machine operation in curing (<18.64 kW per 
m3). Mixing 25.9 kWh; compacting 7.57 kWh; throughout plant 6.52 kWh; reaction time for curing machine use is 2 hours. 
Electricity use is the same in both cases. For the Chinese mix approximately 1 kgCO2-eq/kWh is derived from the impacts figure; 
for diesel power approximately 0.76 kgCO2-eq/kWh found in EcoInvent, which matches the observed impacts in the figure. 
Transportation of materials is included at 15 kgCO2-eq/FU, with minor effect on final results. Overall impacts (excl. capture) for 
CO2-cured cement are 364 kgCO2-eq/m3; for Wollastonite-based block 292 kgCO2-eq/m3. Substitute is 100% steam-cured 
Portland concrete block of 419 kgCO2-eq/m3. We assume that 30% of cement’s production emissions is compensated later in its 
lifetime by CO2 uptake 134. However, then the uptake would be larger for steam-cured cement than for the CO2-cured blocks; 
hence the difference in uptake is also included as CO2 uptake for the CCU blocks, assumed to take up this CO2 over its lifetime.  



Ref. Study name Product Comment 

27 Monkman2017 CO2-cured 
concrete and 
binary binders 

Carbon footprint analysis, LCA-based, where the environmental impact is determined in comparison to conventional concrete 
production (393 kgCO2-eq/m3) and changes with respect to it. The addition of the CO2 reduces cement need in concrete of 17 kg 
(17.6 kgCO2-eq), an increase in the sand usage (14 kg) and a reduction in the overall material transport emissions (0.124 
kgCO2-eq). Capture electricity use is 200 kWh/t CO2, multiplied by the CO2 injection of 0.482 kg/m3 using the US 2014 grid mix: 
0.5126 kgCO2-eq/kWh. CO2 transport is 6.1 gCO2/m3. Emission for the production, transport and operation of the equipment is 
9.3 gCO2/m3, of which 0.018 kWh/m3 for CO2 injection, listed separately. Of the injected CO2 60% is absorbed, resulting in CO2 
utilized of 0.289 kg/m3. We assume that 30% of cement’s production emissions is compensated later in its lifetime by CO2 
uptake 134. However, then the uptake would be larger for steam-cured cement than for the CO2-cured blocks; hence the 
difference in uptake is also included as CO2 uptake for the CCU blocks, assumed to take up this CO2 over its lifetime. 

4 Sminchak2020 CO2-EOR-oil Documented site-specific facility operation over 22 years, 10 reefs, incl. depleting fields; incl. construction and transport. Most 
data for 2017 but looking at the 22-year average. Upstream emissions do not specify electricity use but only heat use; CO2 
would otherwise be vented but capture is included: approximately 0.21 kgCO2-eq/kg CO2 injected. Total for 22-year-average: 
209 kgCO2-eq/bbl. for 975 kgCO2/bbl. injected. Of these, 912 kg CO2 are stored (taken as CO2 utilized) hence a recovery ratio of 
1.10 barrels crude/t CO2 stored. Electricity use is 8.8 kWh/bbl. of facility electricity from gas processing (0.66 kgCO2-eq/kWh) 
from Table 1; assuming the same for for CO2 compressors on natural gas. From total emissions for compressors for 2017 of 150 
kgCO2-eq/bbl., derived that 226.6 kWh/bbl. needed for compression. Rest of emissions for gate-to-gate from fugitive emissions, 
flaring, construction. Total for 2017: 198 kgCO2-eq/bbl., of these 155.4 were from electricity, so 78%. Hence assumed that for 
the 22-year-average of 163 kgCO2-eq/bbl. gate-to-gate emissions, the same ratio is for electricity. In ‘other’ emissions, the 470 
kgCO2-eq/bbl. for downstream emissions, of which fuel combustion 415 kgCO2-eq/bbl. For ssubstitute emissions we use the 
average of diesel and gasoline at 499 kgCO2-eq/bbl. 7. 

5 Liu2020 CO2-EOR-oil Documented site-specific facility operation over 11 years, where on average, 4.21 tCO2/t crude oil stored, based on cumulative 
injection and cumulative production (taken as CO2 utilized and equals CO2 stored). Using the conversion that 1 metric tonne of 
crude oil equals 7.33 barrels, this means 1.74 barrels crude/t CO2 stored. CO2 capture not included in the study, hence 
assuming the same as 4: 0.21 kCO2-eq/kg CO2 captured as also from natural gas processing. Gate-to-gate electricity need of 
2472.56 kWh/t oil, made up by CO2 transport, liquefaction, injection, oil production, recycling, heating, water injection at 0.997 
kgCO2/kWh from coal electricity. Total gate-to-gate emissions are 2532.63 kgCO2/t crude oil. In ‘other’ emissions: after the gate 
2.204 tCO2/t oil for transport, refining and combustion; includes 0.308+0.157 tCO2 from electricity. Most of the emissions of 
EOR-oil production are from electricity. Using coal electricity, the produced oil does emit more CO2 than stored. For low-GHGI 
electricity, more CO2 is stored than emitted; as also shown by 59 who investigate platform electrification at some point in the 
project’s lifetime. Substitute of water-flooding EOR, with 775.83 kgCO2 emissions gate-to-gate, incl. electricity use, and added 
2.204 tCO2/t oil for refining just like for the CO2-EOR case.  

7 Azzolina2016 CO2-EOR-oil The model assumes 25 years operation with parameters based on reservoir performance from 31 CO2-EOR sites. CO2 
utilization is 0.452 tCO2/bbl. oil or 2.21 barrels/t CO2 stored. Emissions for capture are included, indirectly, as the difference 
between emissions of electricity production after capture (158 kgCO2/MWh) and grid electricity production (660 kgCO2/MWh). 
The difference of 502 kgCO2/MWh is the CO2 avoided, divided by the barrels of oil produced to express the displacement as an 
emission factor in units of kg CO2/bbl. In upstream emissions, the power plant is included as well as capture- however, as the 
amount of electricity produced is assumed to be replaced by grid electricity, it is assumed that the upstream emissions are only 
capture emissions: 117 kgCO2-eq/bbl. Electricity requirements are not given in the study but indicated to be the same as 70 for 
the 2 bbl./tCO2 scenario, which are for refrigeration/fractionation: emissions in kgCO2-eq/bbl. (crude oil artificial lift 9.3; 49.4 for 
CO2 injection, 0.8+0.5 brine injection/disposal and 10.1 gas processing), Ryan–Holmes (crude oil artificial lift 8.3; 43.9 kWh for 
CO2 injection; 1.5+0.9 brine injection/disposal; 41.2 gas processing), and membrane/amine gas separation technologies (crude 
oil artificial lift 8.1; 42.9 for CO2 injection; 1.4+0.8 brine injection/disposal; 14.7 compressor)- these are using the ERCOT mix at 
650 kgCO2-eq/MWh hence divided by these and multiplied by the US grid mix factor. Conversion emissions are found by the 
total gate-to-gate emissions of the three technologies as given, subtracting the avoided electricity emissions (259 kgCO2-
eq/bbl.); adding the CO2 utilized as it was implicitly subtracted already; and subtracting the electricity emissions as explained 
above. In ‘other’ emissions, the 470 kgCO2-eq/bbl. for downstream emissions. Substitute emissions are given for diesel at 90 
gCO2-eq/MJ and 5813 MJ/bbl. and gasoline at 92 gCO2-eq/MJ with 5159 MJ/bbl.; averaged as 499 kgCO2-eq/bbl. 



Ref. Study name Product Comment 

6 Lacy2015 CO2-EOR-oil Study assumes a 30 years lifespan and includes CO2 capture, transport, injection, dehydration. We use the FU of 1 bbl. and do 
not include the full NGCC plant in the system boundaries, only the electricity used in the CCU part of the process. A recovery 
factor of 2 barrels/t CO2 stored was assumed, so 0.5 tCO2/bbl. utilized. Capture emissions are reported as 13.88 kgCO2-eq/bbl. 
for MEA. Also, an energy penalty of capture of 25%, provided by the NGCC, for which we take the reported emissions for 
electricity generation and upstream NG supply (79.13 + 139.56) kgCO2-eq/bbl. to be 75% of emissions, and derive what 25% is, 
resulting in the emission of 0.15 kgCO2 per capture of 1 kg of CO2 due to the energy penalties, corresponding to the reported 
values of how much CO2 is captured and how much CO2 is avoided per kWh elsewhere in the paper. We assume that emissions 
for CO2 dehydration, compression and transport are mostly from electricity use, hence list the 0.7 + 10.2 + 0.17 kgCO2-eq/bbl. 
there, with 0.37 kgCO2-eq/kWh to avoid double counting the CO2 capture (i.e., both assigning the emission reduction to the 
power used in the process and to CCU). All electricity is from the NGCC plant. Of the 5086 MJ, 4440 MJ (1233 kWh) is for the 
grid, so 646 MJ is used in the form of heat or electricity. Without capture the electricity emissions are 0.37 kgCO2-eq/kWh. EOR 
operations account for 7.1 kgCO2-eq/bbl. Assumptions for downstream emissions from 7: 470 kgCO2-eq/bbl. For substitute 
emissions we use the average of diesel and gasoline at 499 kgCO2-eq/bbl. 7. 

8 Hussain2013 CO2-EOR-oil Looks into current CO2 and non-CO2 practices for EOR, and considers CO2 sources of switchgrass biomass grown on marginal 
land integrated gasification combined cycle (IGCC), livestock manure biogas NGCC and natural gas NGCC. Switchgrass has 
lower overall GHG intensity than manure biogas so we look at switchgrass and natural gas. The power plants are included in the 
system boundaries, they would emit 0.24 tCO2-eq/bbl. from which around 0.22 tCO2/bbl. is stored; for switchgrass; and NG over-
production of 0.24; and 0.54 MWh. For the displaced electricity, we choose ‘like-displaces-like’ because this is in line with our 
‘substitution’ approach, displacing 0.06; and 0.20 tCO2-eq/bbl. worth of electricity. Oil production ratio is 4.6 barrels/t CO2 stored 
(net injected); efficiency loss of power plant is attributed to the CO2 capture and compression; specific loss per source is not 
given however, so not able to assign energy use to capture step specifically. CO2 transport is 5.973 kWh/tCO2 transported over 
1000 km: 0.001 tCO2-eq/bbl. assumed to be electricity, using the source’s electricity mix: IGCC without capture: 773 kgCO2-
eq/MWh; NGCC plant without capture: 370 kgCO2-eq/MWh. GHG emissions associated with electricity use were assumed as 
the average U.S. electricity mix of 0.653 kgCO2-eq/kWh. 1.78 kWh/bbl. is used for EOR in field operations; 7.56 kWh/bbl. at oil 
refinery, using the US grid mix. Total emissions including sequestration, displaced electricity and combustion are given as 0.31; 
and 0.34 tCO2-eq/bbl. for switchgrass, and NG. Starting with these, we subtract the emissions from electricity in transport and 
operations, sequestered CO2 and combustion emissions to find the (capture and) conversion emissions. Refinery operations, 
crude oil transport and combustion emissions are 0.462 tCO2-eq/bbl. For substitute emissions we use the average of diesel and 
gasoline at 499 kgCO2-eq/bbl. 7. 

11 Cho2019 CO2-ECBM By injecting 8.30 kg CO2 into the coalbed, 1.34 kg of raw coal bed methane is extracted; 1 kg CH4 is recovered in the raw CBM 
separation process, the remainder CO2 (0.3 kg) is recycled and merged with the supplied CO2. In total, 1 kg of CH4 per 8.30 kg 
CO2 utilized. Capture from flue gas consumes 39459 KJ heat and 12 KJ electricity; compression 2468 KJ electricity. In the CBM 
operations, electricity is used for CBM extraction (122 KJ), CBM separation (1 KJ), CO2 (99 KJ) and CH4 compression (842 KJ); 
1460 KJ heat for CBM separation. For heat (coal) an emission factor of 0.128 kgCO2/MJ is used; for electricity (Mongolian mix) 
0.153 kgCO2/MJ or 0.55 kgCO2/kWh. We use 132 for CH4 end-of-life emissions of 2.75 kgCO2/kg CH4 and substitute emissions of 
3.17 kgCO2/kg CH4 because these are not included in the study. 
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