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The carbon footprint of the carbon feedstock CO2†

Leonard Jan Müller, a Arne Kätelhön, ab Stefan Bringezu, c Sean McCoy, d

Sangwon Suh,e Robert Edwards,f Volker Sick, g Simon Kaiser,c Rosa Cuéllar-Franca,h
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Capturing and utilizing CO2 as carbon feedstock for chemicals, fuels, or polymers is frequently discussed

to replace fossil carbon and thereby help mitigate climate change. Emission reductions by Carbon

Capture and Utilization (CCU) depend strongly on the choice of the CO2 source because CO2 sources

differ in CO2 concentration and the resulting energy demand for capture. From a climate-change

perspective, CO2 should be captured at the CO2 source with the lowest CO2 emissions from capture.

However, reported carbon footprints differ widely for CO2 captured, from strongly negative to strongly

positive for the same source. The differences are due to methodological ambiguity in the treatment of

multifunctionality in current assessment practice. This paper reviews methodological approaches for

determining the carbon footprint of captured CO2 as carbon feedstock, and shows why some

approaches lead to suboptimal choices of CO2 sources and that increased consistency in life cycle

assessment (LCA) studies on CCU is needed. Based on strict application of Life Cycle Assessment (LCA)

standards and guidelines, it is shown that substitution should be applied to avoid suboptimal choices of

CO2 sources. The resulting methodological recommendations are applied to estimate the carbon

footprint of feedstock CO2 for current CO2 sources in Europe and for future CO2 sources in a scenario

for a low carbon economy. For all CO2 sources, the cradle-to-gate footprint of captured CO2 is negative

ranging from �0.95 to �0.59 kg CO2 eq. per kg of feedstock CO2 today and from �0.99 to �0.98 kg

CO2 eq. in a low carbon economy. The carbon footprints of different CO2 sources differ mainly due to

their energy demands. The presented assessment method and the carbon footprints of the CO2

feedstocks CO2 provide the basis for future assessments of carbon capture and utilization processes.

Broader context
Anthropogenic CO2 emissions are a major driver of global warming. One potential way to reduce these emissions is capturing CO2 from industrial point sources or
from ambient air, and utilizing the captured CO2 as carbon feedstock for value-added products. Today, the amount of CO2 produced by industrial point sources is
far larger than the current CO2 demand by carbon capture and utilization (CCU). Therefore, the environmentally most beneficial CO2 sources should be prioritized
for CCU. However, since CO2 from point sources is generated together with other co-products such as cement and steel, there is a debate in literature how to
prioritize CO2 sources for CCU considering the emissions and benefits attributable to co-products. Due to the differing views on this issue, available values for the
carbon footprint of CO2 vary from strongly negative to strongly positive. In this work, we propose a consistent methodology for prioritizing CO2 sources for CCU
based on Life Cycle Assessment. Based on the method developed, we determine the optimal choices of CO2 sources today and for a low carbon future.
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1. Introduction

The greenhouse gas carbon dioxide (CO2) can be converted into
value-added products by carbon capture and utilization (CCU).1

CCU aims at reducing the use of fossil resources and emissions
of greenhouse gases (GHG).2–4 Importantly, CCU is a potential
key enabler for deep de-fossilization of industries that currently
rely on fossil feedstocks not only for energy but also a source of
carbon, such as the chemical industry.5 Available analyses
suggest that CCU could utilize CO2 up to the gigatonne scale.6

However, utilizing CO2 does not necessarily reduce climate
change impacts. In fact, GHG emissions may even be higher
compared to conventional technologies depending on the
specific CCU technology, its supply chain, and the nature of the
product.7 The development of environmentally beneficial CCU
technologies thus requires a proper understanding of the
underlying supply chains, the context in which the technology
will be used, and at what scale the CCU technology will replace
an existing service/technology in the market.

A central part of all CCU supply chains is the capture and
supply of CO2 as carbon feedstock. CO2 can be captured and
supplied from fossil point sources such as power or cement
plants,8–11 from biogenic point sources such as biogas and
wastewater treatment plants12–14 and even directly from the air.15–17

Some point sources already supply almost pure CO2 streams, while
the vast majority of CO2 sources have concentrations between 5 to
35%.18 Ambient air has the lowest concentration of around
400 ppm.19 Lower CO2 concentrations increase the energy demand
for capture.20 Since the provision of this energy usually also leads to
CO2 emissions, CO2 sources with high concentrations should be
prioritized in general for CCU to maximize carbon mitigation given
energy resource availability limitations. Since reductions of climate
change impacts is a main driver for CCU development, a sound
environmental assessment is critical.

The carbon footprint of CO2 supply can be properly accounted
for by Life Cycle Assessment (LCA). LCA is a well-established holistic
method taking the entire life cycle into account, from the extraction
of raw materials to the final disposal of wastes for multiple environ-
mental impacts. LCA is standardized according to ISO 14040, 14044,
and 14067.21–23 The generic ISO standards have recently been
adapted for CO2 utilization in LCA guidelines developed by the
Global CO2 Initiative24 and the U.S. Department of Energy, National
Energy Technology Laboratory.25 These LCA guidelines have been
linked to techno-economic assessment (TEA)26 enabling harmonized
assessment of LCA and TEA for CO2 utilization.27

Despite these LCA standards and guidelines, however, in
current practice, several accounting approaches are applied
leading to a wide range for greenhouse gas emissions (in the
following called ‘carbon footprint’). In some studies, for example, it
is assumed that a concentrated CO2 flow is simply available and that
consuming this flow leads to negative emissions of �1 kg CO2 eq.
emissions per kg CO2 captured (see SI 1, ESI†).28–33 In other studies,
a flue gas stream with a defined composition is available but the
source of this stream is not included in the study.34–38 Assuming a
more or less concentrated CO2 flow is simply available, neglects the
main principle of LCA to consider all relevant parts of the life cycle.

The resulting carbon footprint is negative and depending on the
needed make up for the assumed CO2 flow between �1 and
0 kg CO2 eq. emissions per kg CO2 captured. Other papers include
the source of the CO2 stream and split the entire emissions between
the carbon feedstock CO2 and other products of the CO2 source.39–46

As a consequence, the carbon footprint of the feedstock CO2 is
positive. In summary, carbon footprints of the carbon feedstock CO2

range from positive – implying that CO2 capture is harmful to the
climate – to negative which suggests benefits. These differences can
substantially impact the selection of environmentally beneficial CO2

sources in industry and policy-making, and even the perception of
CCU in general. Therefore, a consistent determination of the carbon
feedstock CO2 is needed. Due to these major discrepancies in the
literature for the carbon footprint of the carbon feedstock CO2 and
its importance for the sound assessment of the advantages and
disadvantages of CCU, the authors feel the need to offer a clarifying
perspective. The initiative to the current work originated in expert
workshops as part of the development of LCA guidelines on CCU
where the carbon footprint of capture CO2 emerged repeatedly as a
matter of confusion. The authors of the present paper, therefore,
came together to present their joint analysis and consensus.

In this paper, we show why certain methodological options in
LCA lead to suboptimal choices for CO2 sources and why it is
important to adhere to physical relationships as much as possible.
The term ‘physical relationships’ here refers to the marginal
changes needed for adding CO2 capture and transportation to
existing operations and associated GHG emissions. These physical
relationships are reflected by the LCA methods of system expansion
and substitution. The resulting assessment of the carbon footprint
of the carbon feedstock CO2 corresponds to a strict application of
current LCA standards and guidelines. From this analysis, we
provide recommendations on how to avoid sub-optimal decisions
and select environmentally optimal CO2 sources, as illustrated for
Europe. Here, we study two scenarios in which: (1) current CO2

sources in Europe are available for CCU, and (2) future CO2 sources
are available that would still exist in a low carbon European
economy, in which all currently envisioned technologies for carbon
reduction are applied to the full extent.

In Section 2, we explain the multifunctionality problem in LCA,
the existing solution methods, and how these methods should be
applied to CO2 sources. Since the present work also addresses non-
LCA experts that approach CCU on a technological and political
level, we apply these methods in an illustrative example to select a
CO2 source at an industrial production site. Based on this illustrative
example, we recommend a method to avoid sub-optimal selection of
CO2 sources based on the carbon footprint of the carbon feedstock
CO2. In Section 4, the recommended assessment method is applied
to select the optimal CO2 sources in Europe today and in a low
carbon future. Section 5 presents the overall conclusions.

2. LCA of CO2 supply: the
multifunctionality problem

Greenhouse gas emissions and more generally, environmental
impacts can vary among CO2 sources, due to the different CO2
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concentrations, impurities, and carbon capture methods avail-
able leading to different energy and material requirements.14

Therefore, LCA is needed to determine the carbon footprint of
the feedstock CO2 from each CO2 source. If LCA is used to select
CO2 sources, we expect that LCA reflects the actual changes in
emissions due to the installation of CO2 capture.

CO2 supply is mostly considered from point sources. An existing
point source without capture emits CO2 and all environmental
burdens associated with the operation of the CO2 source are
assigned to its products (Fig. 1a). What changes if we decide to
co-produce the feedstock CO2? CO2 capture is added to the point
source. As a result, direct CO2 emissions at the point source are
lowered. However, additional indirect greenhouse gas emissions are
caused by the demand for energy and materials to run the
capture process and potential market-mediated effects (Fig. 1b).
Consequently, the co-production of the feedstock CO2 is solely
responsible for any additional indirect emissions, but also avoided
direct emissions. Thus, the marginal emissions of feedstock CO2

are the difference in increased emissions and avoided emissions.
These relationships should be reflected in the LCA analysis.

In LCA, capturing CO2 as a co-product turns the elementary flow
‘‘CO2 emission’’ into a technical flow ‘‘CO2 feedstock’’. This supply

of the technical flow ‘‘CO2 feedstock’’ typically introduces the
problem of multifunctionality because the main product of the
point source is now jointly produced with feedstock CO2. In LCA
terminology, the process has two functions: producing the main
product and supplying feedstock CO2. This multifunctionality
causes ambiguity in the determination of product-specific environ-
mental impacts for both the main product and feedstock CO2

because environmental impacts occur due to the joint production
of the two products. Several methods for solving the multi-
functionality problem have been proposed in the literature.

Here, we review the methods for solving the multifunctionality
problem and recommendations provided by the ISO standard and
leading LCA guidelines on how to address multifunctionality.
Since the aim is to determine the carbon footprint of one product,
CO2, we focus on LCA guidelines which consider product-specific
life cycle assessment.21,22,47–51

2.1. Methods for solving the multifunctionality problem

In LCA literature and standards, four methods have been proposed
to address multifunctionality: (1) sub-division, (2) system expansion,
(3) substitution, and (4) allocation.21–23,47–51 In the following, the
four methods are explained with their application to CO2 capture.

Fig. 1 Comparison between a process (a) without capture and (b) with capture and methods to solve multi-functionality. Products in the functional unit
are marked by red circles. (c) System expansion with the functional unit: ‘‘production of main product and supply of feedstock CO2’’. (d) Substitution
subtracts the environmental impacts of the CO2 source without capture from the CO2 source with capture. (e) Allocation following an underlying
physical relationship. For CO2 sources, the production of the feedstock CO2 is physically related to the CO2 emission reductions due to CO2 capture, but
also to the indirect emissions caused by the energy demand and the materials needed for capture. Therefore, the CO2 source is partitioned: the main
product keeps all environmental impacts that would exist without capture and feedstock CO2 gets the CO2 emissions reduction due to capture but all
environmental impacts caused by the capture process. (f) Allocation following another underlying relationship. The production system is sub-divided and
the environmental impacts of the system are distributed according to an allocation criterion (l).
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Sub-division solves the problem of multifunctionality by
sub-dividing a process with multiple products or services into
independent sub-processes with one product or service each.
For example, a process representing an entire factory with
multiple production lines can be sub-divided into sub-processes
representing the individual production lines. In this case, the
multifunctionality problem is not of technical nature, but only a
problem of data aggregation that can be solved by collecting
additional data for the sub-processes. For CO2 point sources,
however, sub-division is not applicable since the main product
and CO2 are jointly produced in one process. Consequently, CO2

sources cannot be sub-divided into separate sub-processes
producing the main product and feedstock CO2.

System expansion. For cases where sub-division cannot solve
the multifunctionality problem, all general standards and guide-
lines recommend the use of system expansion, where possible.
System expansion assesses the environmental impacts for the joint
production of all products or services of a production system. As a
result, the functional units of these assessments are product
bundles (e.g., i units of product A and j units of product B). In
LCA, the functional unit defines for which product(s) environ-
mental impacts are assessed. Environmental impacts obtained via
system expansion can only be compared to production systems
producing the same product bundles. Such a comparison can
identify the environmentally most beneficial production of
product bundles.

System expansion can be applied to CO2 sources by accounting
for the main product and the feedstock CO2 simultaneously
(Fig. 1c). The expanded functional unit is then ‘‘production of the
main product and supply of feedstock CO2’’. However, system
expansion does not yield separate product-specific environmental
impacts for the main product and CO2, which are often desirable
to study further supply chains or for product declarations. In
particular, the carbon footprint of captured CO2 cannot be
resolved.

Substitution assumes that a co-product avoids its marginal
production elsewhere.52,53 Substitution is applied by subtracting
the avoided, marginal production system from the production
system where the co-product is produced. Thereby, a hypothetical
production system is built that does not produce the co-product.
The resulting environmental impacts are product-specific and
represent the impacts of the joint production minus the impacts
of the avoided, marginal production system.

For the case of CCU, the avoided, marginal production
system refers to those technologies that are displaced due to
the introduction of the CCU technology. The identification of
the marginal production system can be complex in markets with
many different production technologies since it depends on
market-mediated effects such as changes in supply and demand
due to potential price changes.54 While different models have
been proposed to account for market-mediated effects, there
has been a debate on how useful these models are for LCA in
practice, e.g., because the required data for such models is rarely
available.55,56

Here, we assume that the operation of a plant with CO2

capture directly and fully avoids the operation of the same plant

without capture. This assumption neglects more complex
market-mediated effects, e.g., potential changes in production
output due to changes in cost competitiveness. A direct 100%
substitution can be applied by subtracting the environmental
impacts of the CO2 source without capture from the CO2 source
with capture. In consequence, a hypothetical process is generated
with feedstock CO2 as the only product (Fig. 1d). The resulting
environmental impacts of supplying feedstock CO2 are the
difference between the environmental impacts of the process
with and without capture. This approach is, in fact, the basis for
the widely used ‘‘cost of CO2 avoided’’ metric to evaluate and
compare the performance of CO2 capture systems and other
emissions-mitigation approaches.57

For comparative LCA studies, substitution is mathematically
equivalent to system expansion.49 System expansion for a
comparison between an ammonia plant with a carbon capture
unit and a direct air capture plant, for example, would lead to a
functional unit that includes both ammonia and feedstock
CO2. To provide the same functional unit, the product system
of the direct air capture plant needs to also produce ammonia. For
this purpose, the system is expanded by adding the marginal
production of ammonia, in our case, an ammonia plant without
capture. Thus, the environmental impacts of the expanded direct
air capture system, eiCC@DAC, for providing ammonia and CO2 are
given by the sum of the environmental impacts from the ammonia
plant without capture, eiAP, and the direct air capture process,
eiDAC. For substitution, the functional unit only includes feedstock
CO2. In this case, the ammonia plant without capture and its
environmental impacts, eiAP, are subtracted from the ammonia
plant with carbon capture. In consequence, the differences in
environmental impacts in comparative LCA studies are identical
for both system expansion (DeiSE = eiCC@AP� eiSE

CC@DAC = eiCC@AP�
(eiAP + eiDAC)) and substitution (DeiSUB = eiSUB

CC@AP � eiCC@DAC =
(eiCC@AP � eiAP) � eiDAC).

In reality, in particular, power plants retrofitted with a carbon
capture unit may or may not displace the same power plant
without capture. As a direct consequence of retrofitting, steam is
taken from the power plant to drive the capture process. Since
less steam can be used at the turbines, less electricity is generated
and the efficiency of the power plant drops. Other power plants
are needed to compensate for the electricity deficit. Which power
plants are affected by the operation of the retrofitted power plant
carbon capture process also depends on market-mediated effects.

Substitution typically leads to negative carbon footprints for
feedstock CO2, because the amount of CO2 captured is usually
higher than the greenhouse gas emissions caused by the
capture process itself. However, the sound interpretation of
this negative value is important: a negative carbon footprint
shows that greenhouse gas emissions are reduced in compar-
ison to the process without capture and not that CO2 capture
physically removes greenhouse gas from the atmosphere over
the entire life cycle.58 In contrast, all other environmental
impacts usually have positive values since only CO2 emissions
are avoided by the capture process.18

Allocation artificially sub-divides the multi-functional process
into several hypothetical processes with exactly one function, each.

Paper Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/1
0/

20
26

 1
2:

51
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ee01530j


This journal is©The Royal Society of Chemistry 2020 Energy Environ. Sci., 2020, 13, 2979--2992 | 2983

The inputs and outputs of the multi-functional process are then
distributed among the single functions. For this purpose, an under-
lying physical relationship should be used if available. Following
ISO 14044,22 an underlying physical relationship can be established
if it is possible to quantitatively change the relative amounts of the
products of a process and to observe how the inputs of the process
are affected.59–61 Then, the inputs of the process are allocated
according to this physical relationship.

When a clear physical relationship cannot be found, ISO
14044 recommends applying allocation according to another
relationship. Following the ILCD Handbook, this relationship
‘‘may be an economic relationship or a relationship between some
other (e.g. non-causal) properties of the co-function’’.49 In other
words, the inputs are allocated according to a product property,
the assigned allocation criterion.

In the case of retrofitting a CO2 source with a capture unit, a
physical underlying relationship can be established: it is usually
possible to quantitatively change the amount of CO2 captured
without affecting the amount of main product. If CO2 is com-
pletely vented, the CO2 source produces only the main product.
In this case, there is no demand for energy or materials for
capture. With increasing CO2 capture, CO2 emissions drop but
the demand for energy and materials for capture increases, while
the amount of main product remains constant. Alternatively, less
main product could be produced, reducing also CO2 formation
and the amount of CO2 available for capture. Consequently, there
is a physical relationship between the production of the feedstock
CO2 and the CO2 emission reductions due to CO2 capture, but
also to the indirect emissions caused by the energy demand and
the materials needed for capture (Fig. 1e).

If a physical relationship for CO2 sources can be established,
allocation using other underlying relationships is not needed
for CO2 sources according to the order of methods in the ISO
standard.22 Still, allocation using other relationships is commonly
applied in practice. Allocation using other relationships distributes

the environmental impacts of the CO2 source according to an
allocation criterion li e.g. produced mass mi (li = mi/

P
mi), energy

mi�ei(li = mi�ei/
P

(mi�ei)) or economic value mi�pi(li = mi�pi/
P

(mi�pi))
(Fig. 1f). E.g. with mass as allocation criterion, all in- and outputs
are allocated among the sub-processes according to the share of
produced masses of their functions (products). In literature, it has
been argued to use economic value as allocation criterion for CO2

sources as economic allocation is always applicable, easy to under-
stand, and was sometimes found to be a proxy for an underlying
physical relationship.60 One practical drawback of this approach is
that the relative economic value of products (as measured in their
market price) can vary substantially in time and between regions,
leading to results that may only be narrowly applicable. Usually,
more than one criterion can be applied and the selection of the
criterion depends on the LCA author.

For this reason, the ILCD handbook requires a sensitivity
analysis of the allocation criteria.49

2.2. Hierarchy of methods to solve the multifunctionality problem

Not all methods to solve the multifunctionality problem can
be applied in all situations. For this reason, the life cycle
assessment standard ISO 14044 and other standards and guide-
lines set priorities for the selection of methods as summarized
in Table 1.

All guidelines and standards propose the same order of
methods to be employed. Thus, there should be no ambiguity
in solving the multifunctionality problem once it is clarified
which method is applicable. The preferred order of methods
is as follows: sub-division is preferred whenever possible. If
sub-division is not possible, system expansion is recommended.
However, system expansion cannot be applied if product-specific
environmental impacts are required (cf. Section 2.1). In this case,
substitution should be applied. Finally, allocation should be used
following a physical relationship and then allocation following
other relationships. Product Category Rules account for exactly one

Table 1 Hierarchy of methods for solving the multifunctionality problem in standards and guidelines for product life cycle assessments. The Product
category rules cannot apply system expansion, as a product category rule accounts for exactly one product

Order of
allocation
methods

DIN ISO 14044 and
14067, BPX 30-323,

ILCD handbook
situation A and B BSI PAS 2050

GHG-protocol
product life cycle
accounting PCR basic chemicals PEF guide

1 Sub-division Sub-division Sub-division Sub-division Sub-division Sub-division or system
expansion

2 System expansion System expansion System expansion System expansion System expansion
not applicable

Allocation following
underlying physical
relationship or direct
substitution

3 Substitution (not
explicit)

Substitution Substitution Substitution Substitution not
applicable

System expansion via
substitution (indirect)
or allocation following
underlying other
relationship or indirect
substitution

4 Allocation following
underlying physical
relationship

Allocation following
underlying physical
relationship

Allocation following
underlying physical
relationship

Allocation following
underlying physical
relationship

Allocation following
underlying physical
relationship

5 Allocation following
underlying other
relationship

Allocation following
underlying other
relationship

Allocation in
proportion to the
economic value

Allocation following
underlying other
relationship

Allocation following
underlying other
relationship

Ref. 22, 23 and 47 49 48 51 50 62
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product and thus, only consider sub-division and allocation since
these methods yield product-specific footprints.

3. Impact on the selection of CO2

sources

The methods to solve multifunctionality shown in Table 1 are
applied in an illustrative example. The sole purpose of this example
is to illustrate the effect of methods to solve multifunctionality on the
LCA results and the selection of CO2 sources. A full quantitative LCA
study should consider more aspects such as the potential variation of
process parameters (e.g. heat integration to use waste heat).

The example considers a new plant for CO2-based products
that require CO2 as feedstock. We examine three potential
sources for the CO2: a plant producing ammonia from fossil
resources, a fermentation plant producing ethanol from glucose
via fermentation, and a direct air capture facility (Fig. 2).

The aim is to select the CO2 source to minimize the green-
house gas emissions of the entire production site. All investigated
supply options shall provide the same amount of feedstock CO2

with the same quality and thus, the functional unit is defined as
‘‘Provision of 1 kg CO2 at 10 MPa pressure as carbon feedstock for
further processing’’. In practice, the specifications of the feed-
stock CO2 would be further refined based on the requirements
for the specific utilization process.

Ammonia is produced via the Haber–Bosch process from
hydrogen and nitrogen. The hydrogen is produced by steam
methane reforming within the plant.44 Steam methane reforming
produces CO2 which is separated before ammonia formation. An
average amount of 1.26 kg CO2 per kg ammonia is assumed.63–66 A
stream of humid CO2 containing 2.5 vol% of water at 0.17 MPa is
produced. Using this CO2 stream as carbon feedstock requires
drying and compression.67 This CO2 treatment uses 0.401 MJ of
electricity and 0.008 MJ of heat per kg of CO2.63

The fermentation plant produces ethanol from glucose
obtained from corn.68 The plant produces approximately
0.96 kg of CO2 per kg ethanol.69 As in the steam reformer at
the ammonia plant, the CO2 stream needs to be dried and

compressed, requiring 0.432 MJ of electricity per kg of feed-
stock CO2.70 Absorbed CO2 from plant growth is modelled as
removal of CO2 from the atmosphere and thus, leads to
negative greenhouse gas emissions from cradle-to-gate. The
illustrative example neglects emissions from land-use change.

Direct air capture is based on a commercial-scale plant
(B1 Mt of CO2 captured from the air per year) from Carbon
Engineering.16 The continuous process uses an aqueous KOH
sorbent coupled to a calcium caustic recovery loop. The energy
demand per kg of feedstock CO2 supplied is 4.04 MJ of natural
gas supply and 1.01 MJ of electricity.16

The economic values of the products are assumed to be
60 h per ton for CO2,71 380 h per ton for ammonia,72 and
425 h per ton for bioethanol.73 In all plants, electricity is supplied
from the European grid and heat is supplied by the combustion
of natural gas (both EU-28 mixes from GaBi database).45

3.1. Selecting CO2 sources using system expansion

In all guidelines where it is applicable, system expansion is the
preferred approach (cf. Section 2.2). System expansion allows
identifying the CO2 source leading to the lowest greenhouse gas
emissions for the supply of all products of the industrial
production site. Using system expansion, the following three
scenarios are compared: (1) CO2 is supplied from the ammonia
plant (‘‘Capture from ammonia plant’’) while the fermentation
plant continues production without capture, (2) CO2 supply
from the fermentation plant (‘‘Capture from fermentation plant’’)
while the ammonia plant continues production without capture,
and (3) CO2 is captured from air using direct air capture (‘‘Direct
air capture’’) while both the ammonia and the fermentation
plant continue production without capture (Fig. 3). To make
the scenarios comparable, all scenarios need to serve the same
function. Therefore, the functional unit is expanded from
‘‘production of 1 kg feedstock CO2 at 10 MPa’’ to ‘‘the production
of 1 kg feedstock CO2 at 10 MPa, 0.8 kg ammonia and 1 kg
ethanol’’. The amounts of ammonia and ethanol in the functional
unit represent the amounts that are co-produced with 1 kg feedstock
CO2 in the case of capture.

Further processing of the products, use phase, and end-of-
life treatment is identical for all considered production systems
and thus, cancel in the comparison. In consequence, the
system boundaries span from cradle-to-gate.

For the production system ‘‘Capture from ammonia plant’’,
the overall carbon footprint is 0.132 kg CO2 eq. (Fig. 4). Here,
the ammonia plant emits 0.525 kg CO2 eq. per 1 kg of feedstock
CO2 and 0.8 kg of ammonia (see SI 2.1, ESI†). The fermentation
plant causes negative emissions of around �0.393 kg CO2 eq.
from cradle-to-gate for the production of 1 kg ethanol (see SI
2.2, ESI†). These negative emissions result from the removal of
atmospheric CO2 during the growth of the biomass. However,
the removed atmospheric CO2 will usually be re-emitted during
the use of ethanol at the end-of-life (e.g. combustion) which is
not included in this example following the cradle-to-gate per-
spective. For the scenario ‘‘Capture from fermentation plant’’, the
overall carbon footprint is 0.135 kg CO2 eq. The ammonia plant
emits around 1.471 kg CO2 eq. and the fermentation plant

Fig. 2 In an illustrative industrial production site consisting of a fermenta-
tion plant, and an ammonia plant, a CO2-based production plant (purple) is
installed. To supply CO2 to the CO2-based production plant, the fermen-
tation plant (green) or the ammonia plant (red) can be retrofitted with a
carbon capture unit or a direct air capture plant can be installed (blue).
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emits �1.336 kg CO2 eq. from cradle-to-gate. For the last
option, the production system ‘‘Direct air capture’’, the carbon
footprint is 0.486 kg CO2 eq. Here, the ammonia plant and the
fermentation plant have no capture units and thus, emit
1.471 kg CO2 eq. and �0.393 kg CO2 eq. respectively. The direct
air capture process emits �0.592 kg CO2 eq. from cradle-to-gate
for each kg of feedstock CO2 (see SI 2.3, ESI†). Recently, Jonge
et al.74 reported �0.62 kg CO2 eq. for a similar DAC process
with slightly different assumptions but this difference does not
impact our illustrative analysis.

A comparison shows that the scenario ‘‘Capture from ammonia
plant’’ leads to the lowest carbon footprint for the production of
1 kg feedstock CO2, 0.8 kg ammonia, and 1 kg ethanol. ‘‘Capture
from fermentation plant’’ leads to a slightly higher carbon foot-
print. Considering uncertainty, both plants could most likely be
considered as equally beneficial CO2 sources from a global
warming perspective. The least beneficial scenario in this illustrative
example is ‘‘Direct air capture’’ since it leads to a substantially larger
carbon footprint from a system-wide perspective.

Consequently, direct air capture should be utilized only if
the CO2 supply capacities of first the ammonia plant and
second the fermentation plant are exceeded. In conclusion, we
obtain the following environmental merit-order for the CO2 sources
of our illustrative example: (1) ammonia plant, (2) fermentation
plant, and (3) direct air capture. Again, these results serve illustrative
purposes only and are not meant as a general statement about
these CO2 sources.

3.2. Carbon footprints of feedstock CO2

For the illustrative example in Section 3.1, we have identified
the CO2 source leading to the lowest overall carbon footprint for
the product bundle of feedstock CO2, ammonia, and ethanol
via system expansion. However, system expansion only yields
the carbon footprint for the product bundle of ammonia,
ethanol, and CO2 and does not provide the carbon footprint
of the carbon feedstock CO2. To obtain the carbon footprint of
CO2, we use substitution, allocation using an underlying physical
relationship, and allocation using other relationships namely
economic value and mass as criteria (cf. Section 2.1).

The methods to obtain product-specific results lead to
substantially different carbon footprints for the feedstock CO2

(Fig. 5): as explained in Section 2.1, substitution and allocation
using an underlying physical relationship lead to nearly identical
negative carbon footprints of �0.95 kg CO2 eq. per kg of feedstock

Fig. 3 System boundaries and functional unit for comparison of three
CO2 supply scenarios: (1) ‘‘Capture from ammonia plant’’, ‘‘Capture from
fermentation plant’’ and ‘‘Direct air capture’’. In all scenarios, system
expansion is applied leading to the functional unit of 1 kg feedstock CO2

at 10 MPa, 0.8 kg ammonia and 1 kg ethanol.

Fig. 4 Contribution analysis of the carbon footprint of the production
systems (Fig. 3) to produce 1 kg feedstock CO2, 1 kg ethanol and 0.8 kg
ammonia.

Fig. 5 The carbon footprint of CO2 from the CO2 sources calculated with
alternative methods to treat multifunctionality. Direct air capture does not
yield a multifunctional problem. The corresponding carbon footprint is
constant (dashed blue line).
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CO2 from the ammonia plant and �0.94 kg CO2 eq. per kg of
feedstock CO2 from the fermentation plant.

In contrast, positive carbon footprints are obtained for
capture from the ammonia plant when applying allocation
using other relationships: using mass as allocation criterion
results in 0.32 kg CO2 eq. per kg of feedstock CO2 and economic
value of the products as criterion leads to 0.13 kg CO2 eq. per kg
of feedstock CO2.

For capture from the fermentation plant, negative cradle-to-
gate GHG emissions are allocated and thus also obtained for
CO2, specifically, �0.62 kg CO2 eq. per kg of feedstock CO2 for
mass as criterion and �0.11 kg CO2 eq. per kg of feedstock CO2

for economic value as criterion. Since CO2 has a high share of
the total produced mass, allocation by mass assigns a higher
fraction of the GHG emissions to the feedstock CO2. Using the
economic value of the products as underlying relationship
distributes a smaller fraction of the total GHG emissions to
the feedstock CO2 since the assumed economic value of CO2

(60 h per ton) is far lower than economic values of ammonia
(380 h per ton) or bioethanol (425 h per ton).

3.3. Recommended methods to calculate product-specific impacts

We have shown that methodological choices to obtain product-
specific carbon footprints can substantially alter the selection
of CO2-sources compared to a system-wide assessment based
on system expansion, and thus can lead to sub-optimal decisions.
System expansion provides the full view on the changes in the
physical reality and should be applied to avoid sub-optimal
decisions, wherever possible (cf. Section 2.1).

However, system expansion cannot provide the carbon foot-
print of the feedstock CO2 from point sources which requires a
product-specific assessment. Based on the present analysis
(Section 3.2), the carbon footprint should be calculated using
either the mathematical equivalent of the system expansion
approach, substitution, or allocation using an underlying physical
relationship. Both substitution and allocation using an underlying
physical relationship lead to the same preference of CO2 sources as
systems expansion.

In fact, the results of substitution and allocation using an
underlying physical relationship are identical. However, this
only holds for a direct 100% substitution of a plant without CO2

capture. Furthermore, an underlying physical relationship for
CO2 capture may not found at all CO2 sources, because the
relative amounts of products cannot be quantitatively changed.
For example, an oxyfuel process produces the main product
and feedstock CO2 in a fixed ratio. Consequently, substitution
should be applied instead of allocation which is also in line
with standards and guidelines.

In contrast, allocation using other relationships leads to sub-
optimal choices of CO2 sources and should not be employed which
is also in line with the hierarchy of LCA standards (cf. Section 2.1).

Calculating the carbon footprint of carbon feedstock CO2

using substitution keeps the carbon footprint of the main
product of the CO2 source unchanged. In this case, all emissions
reductions are credited to the feedstock CO2. As a result, the
feedstock CO2 has negative carbon footprints even though fossil

carbon is used, e.g. in the case of ammonia plants. It is important to
keep in mind that LCA results showing negative carbon footprints
from cradle-to-gate should not be misinterpreted as physical
removal of greenhouse gases from the atmosphere being carbon
negative from cradle-to-grave.58 According to the ILCD handbook,
these results simply mean that emissions are reduced due to
capturing CO2.49 For this reason, the greenhouse gas protocol
requires that avoided environmental impacts and the avoided
process should be reported separately to circumvent confusion with
the removal of atmospheric greenhouse gases.51 Furthermore, it
should be reported how much of the CO2 emitted is currently
captured at a point source to avoid claiming reductions that are
beyond the supply capability of the point source. In summary, life
cycle inventories specific for feedstock CO2 should be documented
particularly well to avoid misinterpretation of results.

In this study, feedstock CO2 is treated as a product and not
as a waste because CO2 has a positive market price. However,
even if CO2 was considered to be a waste, the hierarchy of
allocation methods applies as defined by ISO 14044. In this case,
the CO2-using process would be considered to be multifunctional
with the functions ‘‘production of a CO2 based product and treatment
of waste CO2’’. By treating waste CO2, the CO2-using process avoids
the emissions of CO2 to the atmosphere, but usually requires a pre-
treatment step by a capture process. Consequently, the CO2-based
product is credited for the avoided CO2 emissions but carries the
burdens of the capture process. As a result, the carbon footprint
of the functions ‘‘the treatment of waste CO2’’ and ‘‘supply of
feedstock CO2’’ are identical, whether CO2 is considered a waste
or a valuable product. The LCA literature, e.g. in the product-
environmental-footprint category rules, provides other waste-
specific methods to solve multifunctionality.51 However, these
methods have been shown to be non-causal56 and thus, should
not be applied if a physical relationship is available.

4. Environmentally optimal selection
of CO2 sources

The carbon footprint of the feedstock CO2 can be used to select
the CO2 sources that reduce greenhouse gas emissions the
most. Here, we select environmentally optimal CO2 sources
for Europe today as a maximum CO2 supply scenario and a low
carbon future as a minimum supply scenario. As shown before,
the carbon footprint should be calculated by substitution. Here,
we assume that installing CO2 capture substitutes the same
CO2 source without capture (direct 100% substitution). The
carbon footprint of CO2 is then the difference between the CO2

emissions from the CO2 source with and without capture. Since
direct air capture does not yield another product besides feed-
stock CO2, substitution is neither applicable, nor needed.

4.1. Current CO2 sources

The selection is based on the database of von der Assen et al. for
CO2 sources based on the ‘‘European Pollutant Release and
Transfer Register’’ and a comprehensive literature study.18,37 Von
der Assen et al. used the database to map and environmentally
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rank CO2 sources in Europe. However, biogas plants, fermentation
plants, and waste incineration plants had not been included. These
plants are added here since biogenic point sources are currently
discussed as an opportunity for negative emissions12 and utilizing
CO2 from waste incineration could lead to closed carbon cycles.75

In 2015, 228 TW h of biogas have been generated and
combusted in combined-heat-and-power plants (CHP) in
Europe.76 It is assumed that on average the biogas is composed
of 60 wt% methane and 40 wt% CO2 with a lower heating value
of 13 kW h kg�1,77 has an energy demand for capture of 2.30 MJ
of electricity per kg of feedstock CO2 and a capture rate of
90%.12 In consequence, 72 Mt of feedstock CO2 could poten-
tially be captured annually from biogas CHP plants in Europe.
Fermentation has produced 5300 million liters of ethanol in
2015.78 Fermentation of glucose produces 0.76 kg of CO2 per
liter ethanol. In consequence, 4 Mt of feedstock CO2 could
potentially be supplied from fermentation plants.69

Waste incineration plants have treated 64 Mt of waste in
Europe. The corresponding CO2 emissions depend on various
parameters, e.g., the carbon content and the heating value of
the waste. In consequence, the amount of CO2 in the exhaust
gases varies over time and region.79 According to several
studies, between 0.7 and 1.2 (average 0.95) kg of CO2 are
generated per kg of waste.80–82 Tang et al. report a capture rate
of 0.9 kg feedstock CO2 per kg CO2 emitted and a reduction in
electricity output due to the capture from waste incineration
plants by about 1.11 MJel per kg of feedstock CO2.83 As this
electricity is no longer available to the power grid, it is assumed
that other power plants will generate electricity instead of the
waste incineration plant. In consequence, the capture of
1 kg feedstock CO2 causes the emissions related to the generation
of 1.11 MJel from the average power plants in Europe.

4.2. CO2 sources in a low carbon economy

Most current CO2 sources provide fossil carbon. Since current
policy goals aim to reduce fossil CO2 emissions, we assume that
the current CO2 supply is the maximum value. To estimate the
minimum CO2 supply available in the future, we study a low
carbon economy in Europe. For this purpose, we assume that
no more fossil fuels are employed and that all technologies
currently available to reduce CO2 emissions are deployed to the
potential maximum or latest available projection. We do not asses
the likelihood or timing of achieving such a low carbon economy or
whether it would lead to undesirable side-effects, but use it only to
determine a lower bound for CO2 supply. In the following, our
assumptions are described. More details are provided in the ESI.†

The basis for our minimum CO2 supply scenario is the
replacement of all fossil fuel for power by renewable energies
and sufficient energy storage to guarantee grid stability. A
power sector based on renewables enables emission reductions
of most other industrial sectors by ‘‘Power-to-x’’ technologies.84

First of all, power-to-heat technologies can substitute fossil
boilers for heating in households and industrial applications.
We assume that heat pumps will be used for low-temperature
applications (up to 120 1C), e.g., household heating.85 Process
steam can be generated via electrode vessels up to 230 1C at

30 bar.86 Higher temperatures require other electrical technologies,
e.g. resistance furnaces, induction heating, microwave heating or
non-fossil fuels.87

The production of hydrogen is assumed to switch from
steam methane reforming to water splitting via electrolysis.
Furthermore, ammonia is no longer produced by the Haber–
Bosch but by electrochemical conversion, rendering the steam
methane reforming step in ammonia synthesis obsolete.88

Other chemical processes, including the direct oxidation of
ethylene to ethylene oxide can be substituted by carbon capture and
utilization technologies or bio-based processes. In consequence,
steam crackers with naphtha as a major fossil feedstock for the
chemical industry can be decommissioned.7,89–92

Furthermore, refineries producing fossil fuels for mobility
and transportation application can be decommissioned if
battery electric vehicles and bio- or CO2-based fuels are fully
deployed, e.g. for heavy duty application and aircrafts.93–96

Biogenic point sources can provide additional CO2 supply.
For biogas production, the maximum technical potential
reported in the literature is 780 TW h in Europe.77 The potential
seems large and full deployment may lead to unwanted side-
effects. More conservative projections report a potential for
biogas production from 233 TW h97 to 324 TW h98 (see SI 3.1,
ESI†). We use the average of both studies, 279 TW h, and use
both studies as upper and lower bound for biogas generation.
The entire biogas production can be upgraded and fed into the
natural gas grid and then burned in existing natural gas
combined cycle (NGCC) power plants. In consequence, 39 Mt
of feedstock CO2 can be supplied from biogas upgrading and
59 Mt can be supplied from the NGCC power plants. Further-
more, fermentation plants could increase their production from
around 5300 million liters to 9285 million liters corresponding
to an increase in CO2 supply from 4 to 7 Mt CO2.99

Steel and iron mills currently consist of blast oven furnaces.
After pretreatment, the iron ore is reduced with coke and coal as
reduction agents and energy carries to pig iron. In a subsequent
step, the carbon content is reduced in an oxygen blast oven
furnace, producing high levels of CO2 emissions. To reduce CO2

emissions, hydrogen can be used as an alternative reduction agent,
such as the Circored process.100 The product of the Circored
process is not pig iron but sponge iron, which cannot be processed
in a blast oven furnace but in an electrical arc furnace.101 The
combination of the Circored process with electrical arc furnaces
allows the integration of renewable energy into the steel and
iron industry by using electrical power, hydrogen, and synthetic
methane.102 The combustion of synthetic methane is the only
source of CO2 left. Assuming a constant annual steel production
capacity of 169 Mt,103 the potential CO2 supply drops from 159 to
46 Mt of feedstock CO2 (see SI 3.2, ESI†). In a sensitivity analysis,
we consider that the primary production of steel can be avoided by
recycling and material efficiency. In this case, the potential CO2

supply from steel drops to 15 Mt of feedstock CO2.
The CO2 emissions from cement plants are generated from

the combustion of fuels and during calcination, the thermal
decomposition of calcium carbonate into calcium oxide and
CO2. CO2 emissions from combustion can be reduced by using
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synthetic methane instead of coal or other fuels but calcination
emissions remain unchanged. Therefore, the potential CO2

supply from cement plants shows only a slight decrease from
122 Mt to 103 Mt of feedstock CO2 (see SI 3.3, ESI†).

Note that both cement plants as well as iron and steel mills
could also use their CO2 emissions to produce their own
synthetic methane and consequently, no CO2 could be supplied
to other purposes.

Like power-to-x technologies, pulp and paper mills could reduce
CO2 emissions by co-producing chemicals: instead of burning black
liqueur it could be converted into syngas via gasification. In a
subsequent step, several chemicals, e.g. methanol or DME, can be
synthesized.104,105 This process forms 47.8% less CO2 but offers an
almost pure CO2 stream since CO2 has to be separated from the
synthesis gas before subsequent conversion (see SI 3.4, ESI†). For
supplying feedstock CO2, only compression is needed.

Waste incineration will decrease as the EU Commission has
set the goal to recycle 65% of the municipal waste and to limit
the share of landfilling to a maximum of 10% for 2030.106

Assuming a constant share of 17% for composting and other
treatments at 3%, only 25% of the municipal waste will be
burned according to the latest available forecast, corresponding

to 48.5 Mt of waste. In the future, the composition may change
to higher biogenic fractions, however, it is assumed that these
higher fractions do not change the CO2 formation.107 There-
fore, it is assumed that the CO2 formation remains at 0.95 kg of
CO2 per kg of waste and the capture rate is 0.9 kg feedstock CO2

per kg CO2 emitted. Furthermore, we assume that the capture
process reduces the electricity output of the plant by about
1.11 MJel per kg of feedstock CO2 supplied, and in conse-
quence, the average power supply has to compensate for the
loss of energy generation. In total, waste incineration plants
could supply 41.6 Mt CO2.

For the energy supply of the capture processes in a low
carbon economy, we assume that electricity is generated by
100% by the current mix of renewables energies in Europe.45

Heat is supplied by electrode vessels with an efficiency of 99%85

and fuel demand is satisfied by synthetic methane.102

4.3. Environmental merit order curves today and in a low
carbon economy

Today, the potential CO2 supply from European point sources is
approximately 1550 Mt per year (Fig. 6). All sources offer the
potential for negative carbon footprints from cradle-to-gate but

Fig. 6 Carbon footprint of captured CO2 over the potential CO2 supply (a) CO2 sources today (maximum scenario) and (b) CO2 sources in a low carbon
economy (minimum scenario) in Europe. In the low carbon economy scenario, variation demark alternative CO2 supply scenarios. The vertical dashed
lines demark projected future demands for CO2 for the production of chemicals and/or fuels.

Paper Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/1
0/

20
26

 1
2:

51
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ee01530j


This journal is©The Royal Society of Chemistry 2020 Energy Environ. Sci., 2020, 13, 2979--2992 | 2989

do not reach the maximum reduction of �1 kg CO2 eq. per kg
feedstock CO2 due to the energy and materials needed for the
capture process.

The negative carbon footprint from cradle-to-gate shows
that all CO2 sources could effectively reduce GHG emissions.
However, carbon footprints show significant variation between
the CO2 sources: the CO2 sources leading to the lowest carbon
footprints are hydrogen, ammonia, ethylene oxide production,
natural gas processing, and fermentation to ethanol (all
�0.95 kg CO2 eq. per kg feedstock CO2). Carbon footprints
are between �0.88 and �0.78 kg CO2 eq. per kg feedstock CO2

for CO2 from pulp and paper mills, waste incineration plants,
coal and integrated gasification combined cycle plants, biogas
power plants, steel, and iron mills and natural gas combined
power plants. Average carbon footprints from refineries, steam
crackers, and cement plants are �0.64 respectively �0.63 kg CO2

eq. per kg feedstock CO2. Refineries and stream crackers show a
strong variation since the energy demands are very site-specific. The
direct air capture process has the highest carbon footprint of all
sources with �0.592 kg CO2 eq. per kg feedstock CO2. Therefore,
selecting an ammonia plant as CO2 source instead of a direct air
capture plant could reduce the carbon footprint by 63%.

In a low carbon economy, the potential supply of feedstock
CO2 from point sources will reduce by almost 80% compared to
today with 330 Mt of feedstock CO2 per year compared to 1477
Mt available today. At the same time, the carbon footprints of
feedstock CO2 are significantly lower and the range is signifi-
cantly lower than today with footprints spanning from �0.98 to
�0.99 kg CO2 eq. per kg CO2 supplied since renewable energy is
assumed to drive the capture processes. The CO2 sources with
the lowest carbon footprints are then fermentation plants,
pulp, and paper mills equipped with black liqueur gasification
and biogas upgrading plants since they offer almost pure CO2

streams. Other sources are waste incineration plants, cement
plants, steel and iron mills, biogas power plants, and direct air
capture in the order of ascending carbon footprints.

In a maximum future projection for Europe, Bazzanella et al.
project a demand for CO2 of 255 Mt as feedstock for the
chemical industry and additional 415 Mt if fuels are produced
from CO2.89 Therefore, a low carbon economy could still
provide sufficient feedstock CO2 from point sources for the
production of chemicals but not for if fuels are produced from
CO2. However, since the carbon footprints of all CO2 sources
will significantly improve due to renewable energy use, even
direct air capture processes can supply CO2 with a low carbon
footprint. In consequence, differences in carbon footprints
become small, and thus, also the importance of the environ-
mental merit order is reduced for the climate change perspec-
tive. However, the differences in energy demand of capture
processes remain and thus, the overall energy consumption for
CO2 capture can be significantly reduced by following the
environmental merit order: to supply the maximum demand
of 670 Mt of feedstock CO2 for chemicals and fuels would
require 1531 TW h of renewably generated electricity to drive
the direct air capture processes. The same amount of feedstock
CO2 could be provided only using 1053 TW h or 69% of

renewably generated electricity by selecting sources that have
inevitable CO2 emissions following the environmental order
(see SI 4, ESI†). As a result, it is expected that the order of CO2

sources will still play an important role for the deployment of
CCU in a low carbon economy.

5. Conclusions

The carbon footprint of feedstock CO2 is one important but not
the only criterion to select CO2 sources. However, the carbon
footprint of feedstock CO2 strongly depends on the method
used to solve the multifunctionality problem at the CO2 source
in a life cycle assessment. This ambiguity can potentially lead to
suboptimal decisions for the climate. This paper proposes the
methodology of how to suboptimal decisions by either deter-
mining system-wide environmental impacts using the method
of system expansion or by product-specific environmental
impacts using the substitution approach. Allocation following
other relationships, e.g., for CO2 sources mass or economic
value as allocation criterion, can result in a sub-optimal selection
of CO2 sources and should, therefore, be avoided. These findings
are in line with the ISO 14044 standard22,23,47,48 and the major
LCA guidelines.49,51

The presented method allows decision-makers to choose where
installing a CO2 capture unit would reduce greenhouse gas emis-
sions the most. To apply the method, no distinction is required
between sources that supply biogenic, fossil, or CO2 captured from
ambient air. However, we only determine the reduction in green-
house gas emissions and not whether or not a source should exist at
all from a climate perspective. It is noteworthy that our method
does not provide any incentives for installing novel or retaining
fossil-based processes to co-supply CO2.

Applying substitution, we have determined merit-order curves
for the selection of CO2 sources in Europe for two scenarios.
(1) All currently available CO2 sources in Europe and (2) all
potential CO2 sources still available in a low carbon European
economy. These curves illustrate that around one fifth of today’s
potential CO2 supply (1550 Mt of feedstock CO2) could still be
available in a low carbon economy (346 Mt of feedstock CO2).
Furthermore, the carbon footprint of feedstock CO2 will signifi-
cantly drop in the future from an average of around �0.80 to
�0.98 kg CO2 eq. per kg CO2 as more low carbon electricity
becomes available. Another result of low carbon electricity is that
differences in the carbon footprints of feedstock CO2 from
different sources will vanish. Consequently, the importance of
the selection of CO2 sources with respect to climate change will
shrink. However, the demand for renewable energy to provide the
feedstock CO2 can still be reduced by 31% by following the
environmental merit-order obtained by substitution.

The importance to apply substitution for the calculation of
the carbon footprint of CO2 remains even in a low carbon
future, in particular, if clean energy is not available abundantly.
The shortage of renewable electricity will become more critical
when considering the processes for converting the captured
CO2 further to chemicals and fuels. Those processes require
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even much higher amounts of clean energy.5 As the enormous
requirements for CO2 utilization technologies are associated
with higher energy and material requirements, the analysis of
the life-cycle-wide resource footprints should complement the
carbon footprint.91

The present contribution aims to provide a common basis
and starting point for the assessment of CO2 as a carbon
footprint. Depending on the real-world situation, the analysis
might need to be adapted and further refined. For example, our
analysis assumed that a plant with CO2 capture directly sub-
stitutes a plant without CO2 capture to 100%. The substitution
might differ due to market-mediated effects. Therefore, further
development to model these market-mediated effects is needed
when the scale of the CO2 capture is projected to affect the
current market for the main product(s) of the CO2 sources. In
the absence of known market effects, assessing the difference
between existing operations with and without carbon capture
by implying a direct 100% market substitution creates a con-
sistent and comparable approach for determining the carbon
footprint of CO2.

Carbon capture has been shown to reduce greenhouse gas
emissions at the CO2 source. Still, it is important to realize that
CO2 reductions from carbon capture are not always included in
carbon pricing schemes. In the EU ETS, for example, captured
CO2 from processes is counted as emitted, as long as CO2 is not
permanently stored, and capture from ambient air is not
considered at all. Thus, the EU ETS does not account for the
climate benefits of CCU. In contrast, the current draft of the
Renewable Energy Directive RED II takes climate benefits from
CO2 utilization into account and the proposed accounting
scheme corresponds to the approach proposed in this work.
Accounting for the climate benefits of utilizing CO2 as carbon
feedstock needs to be integrated further into new LCA-based
regulations and monitoring standards. The present work sup-
ports this development by proper life-cycle assessment of the
carbon footprint of the carbon feedstock CO2.
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Energy Res., 2020, 8, 52.

27 V. Sick, K. Armstrong, G. Cooney, L. Cremonese, A. Eggleston,
G. Faber, G. Hackett, A. Kätelhön, G. Keoleian, J. Marano,
J. Marriott, S. McCord, S. A. Miller, M. Mutchek, B. Olfe-
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70 K. Möllersten, J. Yan and J. R. Moreira, Biomass Bioenergy,

2003, 25, 273–285.
71 E. A. Quadrelli, G. Centi, J.-L. Duplan and S. Perathoner,

ChemSusChem, 2011, 4, 1194–1215.
72 Thomson Reuters Eikon, 2018, https://eikon.thomsonreu

ters.com/index.html.
73 Food and Agricultural Policy Research Institute, FAPRI U.S.

and World Agricultural Outlook, 2012.
74 M. M. J. de Jonge, J. Daemen, J. M. Loriaux, Z. J. N.

Steinmann and M. A. J. Huijbregts, Int. J. Greenhouse Gas
Control, 2019, 80, 25–31.

75 S. Bringezu, J. Ind. Ecol., 2014, 18, 327–340.
76 Eurostat, the Statistical Office of the European Union,

Energy statistics – supply, transformation and consumption
(nrg_10). Primary production nrg_109a, 2017.

77 The European biomass association, A biogas road map for
europe, Brussels, 2009.

78 The Hague, GAIN Report, 2017.
79 I. Aouini, A. Ledoux, L. Estel and S. Mary, Oil Gas Sci.

Technol., 2014, 69, 1091–1104.
80 B. Johnke, Good Practice Guidance and Uncertainty Manage-

ment in National Greenhouse Gas Inventories, Emissions
from waste incineration, Hayama, Japan, 2002.
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