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A large number of prospective climate scenarios rely on Carbon Dioxide Removal (CDR) technologies to
limit global warming below 2 °C. To date, however, a comprehensive understanding of the overall life-
cycle environmental impacts of CDR technologies is missing. We present a critical review on conducted
Life Cycle Assessments (LCAs) of a comprehensive set of CDR technologies: afforestation and
reforestation, biochar, soil carbon sequestration, enhanced weathering, ocean fertilisation, bioenergy
with carbon capture and storage, and direct air carbon capture and storage. One of the key
observations is that emissions avoided due to substitution of certain processes (due to system expansion
in LCA) can be easily misinterpreted as negative emissions, i.e. as carbon removal from the atmosphere.
Based on the observed inconsistencies and shortcomings, we recommend to interpret available CDR
LCA results with caution. To improve the understanding of environmental implications of CDR
deployment, we recommend (1) to conduct LCAs with multiple environmental impact categories, (2) to
consider the temporal aspect of emissions in biomass-related CDR technologies, (3) to focus on so far
overlooked CDR technologies, (4) to be as transparent as possible regarding methodological choices,
(5) to capture environmental side-effects, and (6) to distinguish between ‘avoided emissions’ and 'negative
emissions’ — only negative emissions correspond to permanent removal from the atmosphere. We conclude
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that more comprehensive and rigorous LCAs are needed to help inform the design of CDR technology port-

rsc.li/ees folios and to aid in anticipatory governance.

Broader context

Carbon Dioxide Removal (CDR) technologies are receiving increasing attention from the scientific community, policymakers, and commercial enterprises.
While there is agreement that CDR technologies have significant potential to remove greenhouse gases, the understanding of the overall environmental
consequences of their large-scale deployment is still very limited. Life Cycle Assessment (LCA) is a suitable methodology to evaluate these environmental
impacts and has been applied to CDR schemes. However, our review on CDR LCA studies shows that LCA is often applied in inconsistent, misleading, and
ambiguous ways. We provide a perspective on how to conduct future LCA studies of CDR technologies in a consistent way avoiding common mistakes, and we
show LCA-related research challenges that should be addressed to aid informed decision making.

1 Introduction

As the global economy was affected by Covid-19, annual global
fossil CO,-emissions declined from 2019 to 2020 by seven
percent to approximately 33 Gt CO,." However, this decline is
supposed to represent a temporary effect and immediate action
aiming at reduction of emissions is required to limit the increase
of global temperatures between a maximum of 1.5 °C and 2 °C as
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stated in the Paris Agreement.” A variety of models has been
developed to assess and determine future energy pathways and
associated impacts on climate change.>* Integrated assessment
models aim to model the future state of energy systems and
technologies by generating energy scenarios.’”

Based on integrated assessment model projections, the
Intergovernmental Panel for Climate Change (IPCC) empha-
sized that the more delay in the peak of global CO,-emissions,
the more the world will need to rely on Carbon Dioxide Removal
(CDR) technologies (or Negative Emission Technologies (NETs))
to achieve climate goals.® Most integrated assessment model
scenarios rely on the large-scale deployment of CDR technologies
to have a bigger chance than 50% to limit global temperature
increases to less than 2 °C.>"°
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Hence, it is expected that CDR technologies will have a
crucial role to reach future climate goals.*®*'* ¥ In this study,
we define CDR technologies as intentional human efforts to
remove Greenhouse Gas (GHG) emissions from the atmosphere
(based on Minx et al."?).

However, there seems inconsistency in the scientific com-
munity on the definition and characteristics of negative emissions
derived from CDR technologies. Based on the work of Tanzer
and Ramirez,"> we emphasize that CDR technologies should
meet the following requirements to result in negative GHG
emissions.

First, a CDR technology permanently removes GHGs from
the atmosphere. Second, all upstream and/or downstream GHG
emissions are quantified and presented in the emission balance
of a specific CDR technology. Third, the total removal of GHG
emissions must be larger than the total GHG emissions emitted
to the atmosphere, through processes required for GHG removal
such as energy supply, transport, and/or land use changes.
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The latter requirements demonstrate the complex characteristics
of CDR technologies. Therefore, environmental assessment
methodologies which exclude upstream and downstream environ-
mental impacts are insufficient to assess CDR technology
systems.'>*? Alternatively, Life Cycle Assessment (LCA) is the most
widely used methodology to assess product systems (ie. total
supply chains, an example is provided in Fig. 2) on their entire
life-cycle environmental performance.”* Further, LCA is a
flexible methodology which offers various modelling choices,
and as such can be used to quantify a variety of environmental
impacts, such as acidification potential, ecotoxicity and water
depletion.

Currently, the deployment of CDR technologies at the gigatonne
scale is still debatable and real demonstration projects are
scarce.®'>?® Consequently, most CDR technologies are not suffi-
ciently examined regarding their overall environmental perfor-
mance. Relying on a gigatonne scale deployment of CDR
technologies — without evaluating their performance from a full
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life-cycle perspective - could result in infeasible climate goals if
the environmental benefits are less than expected.'>*® Further,
relying on CDR technologies could result in a moral hazard,
since policy-makers could use CDR technologies as a safeguard
to postpone climate mitigation measures.'>>® Therefore, it is of
great importance to evaluate the environmental performance of
CDR technologies from a holistic point of view before a large-
scale global implementation. To date, a wide body of literature
reviews have been conducted on CDR technologies.

For example, Minx et al.'> and Fuss et al.'® presented an
in-depth techno-economic review of a portfolio of CDR tech-
nologies. Their CDR technology portfolio included Afforesta-
tion and Reforestation (AR), biochar, Soil Carbon Sequestration
(SCS), Enhanced Weathering (EW), Ocean Fertilisation (OF),
Bioenergy with Carbon Capture and Storage (BECCS) and Direct
Air Carbon Capture and Storage (DACCS). Technology potentials —
in terms of CO, removal capacity - were presented for 2050 with
substantial uncertainties. Further, the National Academies of
Sciences, Engineering, and Medicine® reviewed the current status
of different CDR technologies (i.e. AR, SCS, BECCS, DACCS, EW
and other emerging CDR technologies) and concluded that a
couple of land-based CDR technologies (i.e. BECCS, AR, SCS) are
ready for a large scale deployment from a technical and economical
point of view. However, the authors concluded that a large scale
deployment of these CDR technologies does not remove sufficient
CO, to achieve the climate goals of the Paris Agreement. Moreover,
Li and Wright®' presented a CDR technology review of the techno-
economic and life-cycle performance of biomass production path-
ways used for the production of transportation fuels and power
generation technologies. Besides, Goglio et al.>® presented a review
of the current challenges in LCAs related to Greenhouse Gas
Removal Technologies (GGRTs), and gave useful recommendations
for future LCAs. The authors recommended to use a functional
unit which captures the GHG removal potential of a CDR
technology, to define multi-functional units in case of multiple
product functions, to adopt multiple environmental impact
categories, to apply consistent system boundaries, to utilize best
available data, and to consider a method to include temporal
aspects of carbon emissions and removals. Further, Smith
et al*® described potential environmental impacts and bio-
physical limits related to BECCS, DACCS, EW and AR. Their
results showed that, to date, there is no CDR technology without
any significant impact on land, albedo, energy, water, nutrients
or cost. The authors argued to focus on emission reduction
instead of relying on CDR technologies. Further, LCA literature
reviews have been conducted on specific CDR technologies. For
example, Goglio et al.*® focused on the integration of soil carbon
changes in LCA, which is related to SCS systems. Additionally, a
recent work of Matustik et al®* reviewed LCA studies for
pyrolysis-based biochar systems with biochar as soil amendment
function.

In general, above studies focused on the environmental and
economic performance of CDR technologies, determined with
different methodologies. The application of different methodo-
logies and assumptions - often without a thorough discussion of
their implications - resulted in a large variation of results on
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environmental and economic indicators per CDR technology. To
our knowledge, an up-to-date and critical review on the environ-
mental life-cycle performance and associated LCA modelling
choices of a large portfolio of CDR technologies is missing. This
study aims to close these research gaps and determines the
current status of LCA literature on CDR technologies. We include
the same CDR technology portfolio as proposed in Minx et al.
and Fuss et al.,”* and use LCA as the most appropriate methodology
to assess CDR technologies regarding their overall environmental
performance. The contributions of this study can be summarized
as follows:

e We include a wide variety of CDR technologies in our
portfolio: AR, SCS, EW, OF, biochar, BECCS and DACCS.
Additionally, we aim to capture LCAs of other promising CDR
technologies.

e A comprehensive literature review is conducted to present
the current status of LCA of these CDR technologies.

e A critical review is presented on the most important LCA
aspects, such as the system boundaries, functional unit, multi-
functionality and Life Cycle Impact Assessment (LCIA) categories
applied.

e We synthesize the results, discuss current limitations and
give guidelines for future (LCA) research on CDR technologies.

The scientific and social relevance of this work can be
summarized as follows. First of all, our review should encourage
the scientific community to assess the environmental perfor-
mance of CDR technologies in a holistic and comprehensive
way. Further, our recommendations represent guidelines on how
to conduct LCAs of CDR technologies in a consistent way.

Table 1 gives an overview of CDR technologies and important
definitions.

2 Methodology
2.1 Life cycle assessment

LCA is required to obtain the overall environmental impacts of
CDR technologies. The goal of an LCA is to determine all
environmental impacts of a product or service over its
lifetime.>®*”* LCA is particularly suitable to assess product
systems, which have a significant impact around all stages of
their life-cycle, including the production and the end-of-life
phase as is the case for most CDR technologies.">** LCA
methodology is defined by a series of standards from the
International Organization for Standardization (ISO), ISO
14040 and ISO 14044.>*3% Further, ISO 14067 offers a frame-
work, and corresponding regulations, for the determination of
the carbon footprint of products.*®

2.2 Literature search

Scopus, Web of Science and Google Scholar were explored for our
literature search. Search terms related to specific CDR technologies
were generated, such as ‘Negative Emission Technologies’ or
‘Greenhouse Gas Removal Technologies’ or ‘Greenhouse gas

Energy Environ. Sci., 2021,14,1701-1721 | 1703
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Table 1 Overview of key definitions and abbreviations used in this paper
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Abbreviation Meaning

Definition

AR Afforestation and reforestation

Biochar

BECCS Bioenergy with carbon capture and storage

CDR Carbon dioxide removal

DACCS Direct air carbon capture and storage

EW Enhanced weathering

NET Negative emission technology

OF Ocean fertilisation

SCS Soil carbon sequestration

Removal’ and/or ‘Carbon Dioxide Removal’. Further, we added
the specific CDR technology to the search term, e.g. ‘afforestation
or reforestation’ in case of AR. In addition, we added our targeted
methodology ‘Life Cycle Assessment’ (or ‘Life-Cycle Analysis’ or
‘LCA’) to the search terms, to capture a specific technology
assessed with LCA. We applied these search queries for all
CDR technologies, by substituting ‘afforestation or reforestation’
with the name of the specific CDR technology. The literature
search has initially been executed in March and April 2020 and
has been updated in November 2020, without any limits in terms
of publication date. Note that we only focus on LCA studies in this
work, and therefore exclude other environmental studies which
do not assess CDR technologies using the LCA methodology.

2.3 Structure of our review

This review will be structured along the selected portfolio of
CDR technologies. Hence, we aim to review LCAs for each CDR
technology by giving a critical review on essential LCA char-
acteristics, such as the functional unit, system boundaries,
multi-functionality and environmental impact categories. Addi-
tionally, overview tables are shown in Section 8 of the ESI,¥
where the LCA parameters are presented for selected LCA
studies, including the results on Global Warming Potential
(GWP) (sometimes referred as carbon footprint, GHG emis-
sions or impacts on climate change). Further, we discuss

1704 | Energy Environ. Sci., 2021, 14,1701-1721

Planting of trees on places which have not been forested recently,
while reforestation can be defined as the restocking of trees or
forests on (recently depleted) land.*®

Biochar is a condensed carbon rich substance that can be produced
at a large scale from biomass, for example with pyrolysis. Biochar
can be used as either an energy product or as soil amendment."®

Capture and permanent sequestration of biogenic CO, during an
energy conversion process from biomass (e.g. to produce energy
within a power plant).”

Permanent, or temporal, removal of CO, or GHG emissions from the
atmosphere.

Capturing of CO, from the ambient air, due the binding of sorbents,
and the subsequent storage of captured CO, in a permanent way."'®*°

Practice to stimulate the process of rock decomposition, while
simultaneously increasing cation release to produce alkanity and
geogenic nutrients to enhance atmospheric CO,-capture.**>°

Technology which aims to capture GHG emissions from the
atmosphere and which deployment results in negative GHG
emissions, i.e. removal of GHGs from the atmosphere.

Practice to enhance biological processes in oceans to stimulate the
uptake of atmospheric CO,.**

Removal of CO, from the atmosphere due to increased carbon
sequestration in soil organic matter, arising from improved
management practices ge. g. due to a land management change
or land use change).'*?

crucial aspects and ongoing LCA-related debates for a specific
CDR technology.

3 Review

In this section, we shortly present an overview of the current
state and prevalence of scientific publications on CDR technologies,
evaluated by means of LCA. Fig. 1 demonstrates the increasing
coverage of LCA studies on CDR technologies in academic literature.
The first publications were generated in 1995, more publications
followed after 2005. An increasing trend, in the annual number of
publications, followed after 2006. Interestingly, there was a peak in
the number of publications on LCAs of CDR technologies in 2015,
which was the year most countries agreed on the climate actions of
the Paris Agreement. The number of citations on LCAs of CDR
technologies almost grew exponentially in the last decade, which
again shows the increased popularity of CDR technology related
LCAs. The pie chart in Fig. 1 shows the main research fields of LCAs
on CDR technologies (derived from Research Areas in Web of
Science®’). The main research fields are environmental sciences
ecology, engineering and energy fuels, respectively.

In the following sections, we discuss each of the CDR
technologies, which are categorized as AR, Biochar, SCS, EW,
OF, BECCS, DACCS and other promising CDR technologies.
With ‘other promising CDR technologies’, we refer to CDR

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Overview of annual number of published articles and citations
which included a form of LCA and NET in their abstract, title or keywords.
Additionally, main research fields of LCA studies of CDR technologies are
indicated in the pie chart. Data is obtained from Web of Science.®” For
research areas, we showed the share of the number of times the research area
was attributed to a paper in research areas under categories/classification.

technologies which could not be categorized in our CDR tech-
nology portfolio. We aim to give a short definition (see also
Table 1) and introduction to each CDR technology and refer the
readers to the most comprehensive sources for a specific CDR
technology.

3.1 Afforestation and reforestation (AR)

Afforestation refers to the planting of trees on places which
have not been forested recently, while reforestation is defined
as the restocking of trees or forests on recently depleted land."®
In AR systems, CO, is (temporary) removed from the atmosphere
due to sequestration of C by the forest as a result of the photo-
synthesis process.*®

3.1.1 LCAs. We found four studies that meet our search
criteria, please refer to the overview Table in the ESI.{ There-
fore, LCA studies on AR are relatively scarce, while LCAs on the
forest production sector have been widely conducted.*® A short
overview and summary of these studies is presented in the ESL ¥

System boundaries. AR LCA studies usually include two
stages determining the GHG balance, namely carbon dynamics
of the forest and life-cycle GHG emissions derived from forest
management. The studies identified included different manage-
ment activities such as seed production, planting of trees,
seedling cultivation, fertilization, harvesting, thinning and trans-
portation. Some papers used a cut-off of activities in their system
boundaries. For example, the work of Gaboury et al.* excluded
the production of infrastructures since no life cycle inventory
data was available at the time of assessment. Also, the work of
Garcia-Quijano et al.** mentioned the importance of including
wildfire disturbances, although this was not considered in
their work.

Functional Unit. Most AR papers used a land area-based
functional unit, i.e. per hectare of forest or land. This functional
unit seems reasonable, since the main performance indicator of
AR LCAs is the uptake of CO, per unit of land.

This journal is © The Royal Society of Chemistry 2021
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Multi-functionality. Usually, the main - and only - function
of the AR product system is plantation growth which in turn
could result in carbon sequestration. Hence, no useful co- or
by-products are generated and allocation was not applied in any
of the AR papers.

Environmental impact categories. In general, most studies
reported annual carbon sequestration rates between 0.8 and
1.0 tC ha " year™". Our selection of LCA studies revealed low
carbon emissions from forest management practices, e.g. Lun
et al.*® reported 1% carbon emissions of the total carbon
sequestration per rotation period for a plantation forest. However,
environmental impacts on other LCIA categories are not well-
known. Most (n = 3) selected AR studies ignored the importance of
environmental impact categories, other than carbon storage or
GWP. Only the work of Garcia-Quijano et al.*' assessed additional
environmental impacts, namely land use by also addressing soil,
biodiversity, water and vegetation indicators.

From the limited number of studies,*®**
there are different modelling approaches used. This can be
explained by the carbon models used (see Section 1.1 in the ESL¥
for more explanation), local system boundaries (tree species), differ-
ences in LCA modelling choices (e.g: system boundaries), and the
inclusion of potential disturbances during the assessment period.

3.1.2 Reversibility and (indirect) land use change ((i)LUC).
In addition, CO, storage in forests can be reversible, since its
permanency depends on many factors and potential disturbances
such as wildfires, water scarcity, storms, flooding and pests
infestation.’>**™*® Further, direct and indirect land use change
(Z.e. LUC and iLUC) can also greatly influence the GHG emission
balance (please refer to Section 1.2 in the ESLf for more
explanation).**"°

3.1.3 Timing of emissions. Another crucial and complex
aspect of AR, and other biomass related CDR technologies, is
the timing of GHG emissions during the assessment period of
an LCA. Conventional LCA is based on static modelling of GHG
emissions which thereby neglects the temporal aspects of the
occurrence of GHG emissions. However, the inclusion of these
temporal aspects on GHG emissions could have a significant
impact on the LCA results.”*>* A more comprehensive discussion on
the timing of GHG emissions is provided in Section 1.3 of the ESL¥

we can observe that

3.2 Biochar

Biochar can be defined as a carbon rich material derived from
the thermal degradation of biomass, under limited oxygen
conditions.’**® Within a biochar system, CO, is removed from
the atmosphere due to the sequestration of carbon by photo-
synthetic organisms.’ This harvested biomass is subsequently
used to produce biochar, derived from a thermochemical con-
version process, such as slow pyrolysis,**’ fast pyrolysis,>®>°
gasification®® or torrefaction.®"*>

Pyrolysis generates multiple by-products, such as bio-oil and
syngas.>*> The resulting biochar product can be used as sorbent,*
fuel,* catalyst procursor,®® or as soil amendment to store captured
carbon in s0ils.®*®” Soil amendment with biochar seems to offer
most potential in terms of CO, removal and storage,** hence we

Energy Environ. Sci., 2021, 14,1701-1721 | 1705
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will focus on soil amendment in our review. One beneficial
characteristic of biochar is its stability in soil over time (reported
values in the range of decades to ~ 1000 years).®® If the carbon is
stored in the soil over a long time horizon, the extracted CO, can
be considered as permanently stored.'®”® Further, biochar could
increase crop productivity as a result of improved soil fertility due
to increased water retention and reduced nutrient leaching.'®>*>°

An overview of biochar applications and production pathways
is provided in Wang et al.>* and Sun Cha et al.”" A recent review
paper of Matustik et al.®>* focused on LCAs of pyrolysis based
biochar systems with a soil amendment function, and exhibited
hotspots (i.e. the main contributors) in life cycle inventories of
biochar, such as the selection of feedstock (to produce biochar),
stability of biochar in soils and the performance and conditions
of the pyrolysis unit. The next sub-section builds upon the work
of Matustik et al.** We discuss associated key issues and present
the most important LCA parameters in the ESL

3.2.1 LCAs. Generally speaking, there is a wide body of LCAs
conducted on biochar systems. The ESI,{ presents an overview of
selected literature. We found 36 LCA studies on biochar, hence, a
popular research topic (i.e.>’°%7>7%), All selected LCAs report
significant carbon abatement and/or negative GHG emission
potential when the biochar is used as soil amendment. However,
GWP impacts can hardly be compared, since each biochar LCA
exhibits specific boundary conditions, use different functional
units and parameters, such as feedstock consumption and LCA
modelling choices. Three representative biochar LCAs are presented
in the ESL}

System boundaries. Biochar studies usually include activities
such as fertilizer use and production, feedstock generation,
feedstock preparation or collection (e.g. storage and drying),
transportation, the conversion process (e.g. fast/slow pyrolysis),
and the application of biochar as soil amendment. Most
biochar studies applied a cradle-to-grave approach, hence they
included all environmental impacts during the entire life-cycle.
We found a significant difference between the type of feedstock
used for the generation of biochar. The main difference is due
to the use of agricultural residues or energy crops. Residues and
waste based feedstock are usually associated with lower environ-
mental impacts, since environmental impacts in the feedstock
production stage are hardly present (e.g.®>**'°"), while energy
crops generate additional environmental impacts due to feedstock
production.” A discussion of the utilization of waste feedstocks is
presented in Section 4.2.5.

In general, the LCA community acknowledges that LCAs
should be performed on a cradle-to-grave basis to capture all
life-cycle environmental impacts.>* We want to emphasize the
variation in terms of included side-effects between studies.
With side-effects we refer to positive and negative consequences
of the implementation of a CDR technology."* We found that
biochar LCA studies frequently ignored to address potential side-
effects within their system boundaries - such as (i)LUC and
albedo changes - although they have a great influence.

For example, Roberts et al.”” clearly emphasized the crucial
role of the inclusion of iLUC in LCA, since the scenario without

1706 | Energy Environ. Sci., 2021, 14, 17701-1721
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iLUC resulted in negative GHG emissions (—442 kg CO,-eq. t ™"
switchgrass), while the scenario with iLUC (GHG penalty based
on Searchinger et al.'®") resulted in environmental burdens
(36 kg CO,-eq. t ' switchgrass). Moreover, the surface albedo
could change considerably as a result of the dark color of
biochar when amended to the top soil, which in turn affects
GWP impacts.'” % Meyer et al'® aimed to quantify the
climate change impact of albedo changes of biochar, and
examined this albedo impact on GWP characterization factors
and applied this in an LCA. Their results demonstrated that the
consideration of albedo change in biochar systems could
reduce climate mitigation benefits by 13-22%.

Further, multiple studies acknowledged that environmental
impacts of biochar systems depend on site-specific conditions
due to local ecosystem characteristics (e.g. albedo, soil erosion,
land use type, and climate).”*®%%® Related to site-specific
issues, a great variability has been found on the carbon stability
of biochar in soils. Carbon stability in soils is one of the most
sensitive parameters for the negative GHG emission potential
of biochar.’””>'% This site-specific parameter can vary from
decades to thousands of years.°®®® Overall, the inclusion of
these side-effects within the system boundaries of an LCA are
crucial for the final results.

Functional unit. In general, our selection of biochar LCA
studies distinguished between two types of functional units:
mass unit of feedstock used or managed (e.g.®*7>88:°0:94,101,102)
or mass unit of biochar produced and/or applied (e.g
Some studies generated alternative functional units to demon-
strate the impacts per land area (e.g.>”’®®>%). Few studies
presented extended functional units based on the by-products
produced (e.g.>”%°).

b
76,78,91,93,95,99)

Multi-functionality. An important characteristic of the produc-
tion of biochar (e.g. via pyrolysis) is its multi-functionality
resulting in by-products, such as bio-oil and syngas.>® These
by-products can have additional economic and/or environmental
value when consumed by other activities, such as the generation
of hydrocarbons (e.g. from syngas) and/or electricity (e.g. from
bio-oil). From an LCA point of view, co-products induce complexity:
LCA practitioners can choose between different approaches
regarding how to deal with multi-functionality, such as alloca-
tion of process exchanges to individual products on an economic
or mass basis, or system expansion (i.e. reduce the total impact
by the impact of avoided processes).

When product systems generate more than one (valuable)
product, ISO recommends to use system expansion to avoid
allocation procedures.’® Consequently, system expansion or
substitution was used in approximately 70% of the biochar
LCA studies to deal with multi-functionality of product systems.
Most studies (e.g.°**”°°) assumed an avoidance of electricity
and heat production due to the use of by-products of the biochar
production process. Some other studies (e.g.’>*>%) also
included the avoidance of fertiliser consumption, since biochar
could enhance soil fertility, ie. reduce N-fertilization.>*>®
Moghaddam et al.®* compared the GWP results between physical
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allocation and system expansion, and demonstrated significant
differences between the two approaches. For some other studies,
it remained unclear how and if they handled multi-functionality
in their product systems, although this modelling choice has a
considerable effect on LCA results of biochar systems.®?
A thorough discussion of these modelling choices is outside
the scope of this review, although they are crucial for the
interpretation of the results,*****

The overview table of biochar studies - presented in the
ESL T - reveals substantial ‘negative’ GHG emissions reported
by most biochar LCA studies, due to the avoidance of electricity
or heat production using fossil fuels (e.g.>””>”>'°%%%) or the
avoidance of fertilizer production (e.g.”>'%*). However, these
'negative’ emissions could be misinterpreted,"® hence the
question is, if the results are meaningful for the determination
of truly negative GHG emissions equivalent to the permanent
removal of CO, from the atmosphere. Most biochar LCA studies
used a system expansion (or substitution) approach, assigning
environmental credits for the avoidance of processes present in
a reference system due to the use of by-products of biochar
production. The avoided burdens of these substituted processes
are accounted for as negative environmental impacts (with a
minus sign), hence ‘negative emissions’. In most situations,
when system expansion is applied, such ‘negative’ emissions
show environmental impacts which can be avoided compared to
a reference system. Therefore, such ‘negative’ emissions do not
imply the capturing of GHGs from the atmosphere, hence
cannot be categorized as negative GHG emissions according to
the definition of CDR technologies (see Section 1).

An example of multi-functionality, associated modeling
choices, implications of certain choices and recommendations
is provided in Section 4.3.7.

Environmental impact categories. The overview table on biochar
studies in the ESI,¥ shows that all studies assessed the GWP
impact category (as GWP, CO,-eq. or GHG emissions). Approxi-
mately 50% of the studies included additional environmental
impact categories. Acidification potential and eutrophication
potential were the most assessed environmental impact categories
after GWP, and were covered in approximately 30% (n = 11) of the
biochar LCA studies. Multiple studies revealed the importance of
the inclusion of other impacts categories, such as acidification,
eutrophication and human health related environmental impacts
(e.g7>”*). These environmental impacts can be significant, and could
compromise GHG related benefits in some situations.

3.3 Soil carbon sequestration (SCS)

SCS refers to the removal of CO, from the atmosphere due to
increased carbon sequestration in soil organic matter, arising from
improved management practices (e.g. due to a land management
change or LUC).">** If soil carbon remains in place over long time
periods, the sequestered soil carbon can be considered as perma-
nently stored.'**> However, note that SCS could be reversible and
is time limited, usually up to a couple of decades.'> "

The quantification of environmental impacts of SCS is a
complex activity, due to the multi-functionality of product
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systems (e.g. milk and meat production due to improved
agricultural practices). Earlier work emphasized that LCA is
an appropriate method to assess agricultural practices due to
its holistic approach, although there is no consensus on how to
account for soil carbon changes and sequestration.”® Hence,
many agricultural LCA studies still exclude SCS and/or soil
quality in LCAs.”®'™"® Further, van der Werf et al."'® argued
that LCAs on agricultural systems usually neglect essential
environmental issues (e.g. land degradation, biodiversity and
pesticide effects).

We refer to the review of Goglio et al*® for an overview of the
integration of soil carbon change (and sequestration) methodologies
and their application in LCA. Our findings build upon the work
of Goglio et al.*® and van der Werf et al.**®

3.3.1 LCAs. We found 35 studies (i.e."'®''>7714%) which
met our search criteria, these are presented in the overview
table of SCS studies in the ESI.T Most SCS LCA studies included
SCS in their product system, although the main purpose of
these studies was not the assessment of SCS as a self-standing
CDR technology. A summary of a couple of such studies is
presented in the ESL¥

Our selection of LCA studies demonstrated a small, but
significant, offset of GWP from SCS as a result of its carbon
sequestration potential. However, some SCS studies showed a
loss of soil carbon instead of SCS for a variety of cropping
systems (e.g.'*®'*®1%%). Further, most studies reported total
carbon emissions for the entire product system, but not negative
carbon emissions due to SCS as such. The SCS potential mainly
depends on the methodology and goal, the function(s) of the
product system, and the (local) conditions of a case study.

System boundaries. We found that most studies on SCS
excluded some life-cycle stages. Many studies focused on
cradle-to-(farm)gate (e.g.'*>*"*>'?713%), Hence, these studies
excluded activities of the products delivered after the (farm)-gate
stage. For livestock related LCAs, medicines and machineries were
usually excluded (e.g."*>**>'*>'*), The inclusion of all upstream
GHG emissions (due to agronomic management) in a study by
Gao et al."*® resulted in an offset of all negative GHG emissions
and resulted in positive GHG emissions.

We observed that most SCS studies neglected the impact of
side-effects. For example, iLUC was usually excluded in the
system boundaries, while some of the studies could be affected
by iLUC. Whether including iLUC or not can have, however, large
implications on LCA results: for example, multiple studies proposed
land use change for a different grazing strategy (e.g. in'*®'*"'%),
Some of these grazing strategies were more sustainable, although
they produced less meat or milk. One could expect that the
demand for these products will not change. Consequently, land
elsewhere would be converted to agricultural land, which would
result in additional environmental impacts and these could offset
negative GHG emissions obtained from sustainable grazing. On
the one hand, such side-effects could have a big influence on LCA
results. On the other hand, they are often highly uncertain: van
der Werf et al."'® emphasized that cause-effects of (i)LUC are not
well known. Further, the authors argued that agricultural LCAs
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lack the ability to include the total environmental impact of
ecosystem services due to its product based approach, especially
when switching to a more sustainable agricultural strategy.''®
Besides, there is still no consensus on how to include iLUC in
LCA."*® Schmidt et al,"*° Sanchez et al.™®" and Finkbeiner'** give
possible guidelines on how to include iLUC in LCA.

Functional unit. LCA studies on SCS showed a wide variety of
functional units applied. Functional units can be categorized based
on the goal of an LCA. Studies that included SCS as part of crop
management or production, commonly applied a functional unit
in the form of land use ‘ha per year (eg'*®!3*141143146) " the
amount of energy generated from these crops (e.g. , Or as
crop product delivered kg of product’ (e.g."*>"7'**'3%), In contrast,
dairy LCAs usually presented their functional unit per liter or kg of
dairy product (e.g."*>"'®'*). Alternatively, LCAs for the livestock

industry frequently used 'kg of live weight' as functional unit
(eg124,126,135)

137,139)

Multi-functionality. SCS was usually included as a separate
process within the product system. Consequently, the impact of
SCS depends on the (co-)product SCS is attributed to. Allocation
was frequently applied to consider the total value of a multi-
functional product system, for functions such as milk, meat
and crops. For example, livestock studies frequently allocated
co-products based on mass (e.g.******'3%) or economic value
(e.g.™7"*3%). For cropping systems, allocation was usually not
required with gate-to-gate system boundaries, since the only
function was to deliver the feedstock to the farm gate. Few
studies'"*'**™” showed the influence of different allocation
methodologies and demonstrated the importance of modelling
choices.

Environmental impact categories. All SCS studies assessed the
product system regarding GWP. Approximately 30% of the SCS
studies also included eutrophication potential (n = 11) and/or
acidification potential (n = 10). However, we noticed that only
30% (n = 11) of the studies assessed impact categories other
than GWP. However, Branddo et al'*° demonstrated that a
good performance on GWP could result in a poor performance
on other impact categories, such as acidification and eutrophica-
tion potential. Further, different research discussed the importance
of ecotoxicity (e.g. to consider pesticide issues) and biodiversity as
impact categories in agricultural LCAs.""*'*> However, only 14% of
selected SCS studies included a toxicity indicator (n = 5), and only
6% (n = 2) of our sample considered biodiversity as impact
category.

3.3.2 How to account for soil carbon changes in LCA? Most
SCS studies aimed to capture the soil organic carbon content
over a certain period of time, accounting for different manage-
ment practices. However, there is no agreement in the LCA
community on how to account for SCS. This ongoing debate is
discussed in Section 3.1 of the ESL.{

3.4 Enhanced weathering (EW)

EW is a practice to stimulate the process of rock decomposi-
tion, while simultaneously increasing cation release to produce
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alkanity and geogenic nutrients to enhance atmospheric CO,-
capture.’** In EW systems, CO, is removed from the atmosphere
due to additional CO,-uptake from accelerated weathering of
rocks."®® The extracted CO, can be considered as permanently
stored when the (fine grained) rock materials are dissolved in the
presence of water and CO,, and the dissolution products are
transported to the ocean where captured CO, is permanently
stored in deep ocean layers."”*'*® One should notice that
weathering of rocks is a natural process, although the natural
process is rather slow (order of centuries to thousands of years,
depending on the particle and its size).">> EW aims to accelerate
this process considerably in order to shift the impact of weathering
to human time scales."*">

We found one comprehensive LCA study on EW.">” Hence,
we identify that this CDR technology is an underexamined
research direction in terms of LCA. This study is described in
the ESL¥

The implementation of EW could potentially result in many
side-effects. For example, EW modifies the chemical properties
of ecosystems, such as soil, land and water and as such could
influence ecosystems and agricultural productivity.>®!>%138159
We refer to the review of Hartmann et al.* for potential side-
effects of EW. Negative side-effects could be quantified using
environmental impact categories - e.g. ecotoxicity — in LCA.

3.5 Ocean fertilisation (OF)

OF can be described as a geoengineering practice to enhance
biological processes in oceans to stimulate the uptake of atmo-
spheric CO,.”" The goal of OF is to permanently store signifi-
cant amounts of atmospheric CO, in deep oceanic layers.>"*¢°
OF can be reached by mixing or supplying limiting nutrients,
such as phosphorus (P), nitrogen (N) and iron (Fe), to enhance
growth rates of marine species (e.g. algae).”"'°"

No OF LCAs have been found. Currently, there is a lack of long-
term OF experiments.”" OF might include many undetermined side-
effects, such as the possible reversibility of carbon storage.>' The
work of Williamson et al.>" presents a critical review and an
explanation for the immature research state of this CDR
technology.

3.6 Bioenergy with carbon capture and storage (BECCS)

BECCS is the capture and permanent sequestration of biogenic
CO, during an energy conversion process from biomass (e.g. to
produce energy within a power plant)."” BECCS can result in net
negative GHG emissions when the amount of CO, extracted
from the atmosphere (and the permanent storage) offsets GHG
emissions from the life-cycle of BECCS systems.®*'% We refer
to Kemper'®® for a comprehensive review on BECCS.

3.6.1 LCAs. We found 11 BECCS LCA studies which
matched our search terms,'®™'”® see the overview table of
BECCS studies in the ESI. ¥ Most LCA studies exhibited negative
GHG emissions from BECCS systems, although there were
system layouts, which resulted in positive GHG emissions,
mainly due to upstream activities such as feedstock production,
solvent preparation'®® and also side-effects (e.g. iLUC'®*). In the
ESL T we describe three representative LCA studies of BECCS.
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System boundaries. BECCS systems usually include activities
such as feedstock production, feedstock preparation, feedstock
conversion (e.g. combustion), carbon capture from feedstock
conversion, (geological) storage and transportation of CO,. We
found significant differences in the application of system
boundaries in BECCS LCA studies, which often leads to sub-
stantial differences in LCA results.

Using a gate-to-gate approach excludes upstream and down-
stream activities and therefore cannot be considered as an LCA,
as these activities usually have a considerable impact. Correctly
implementing an LCA approach corresponds to cradle-to-grave
boundaries (i.e. Fig. 2 applied on a BECCS system, modified
and adopted from Tanzer and Ramirez'®). Additional environ-
mental impacts can result from (i)LUC when dedicated crops
are used as biomass source. In these cases, environmental
impacts of side effects should be considered as these can be
significant.'®*'** However, including such side-effects does not
seem to be common practice.

Fajardy and Mac Dowell'®® included different types of feed-
stock and (i)LUC, hence the chosen system boundaries corre-
spond to Fig. 2. The latter study also demonstrated the crucial
role of the inclusion of temporal aspects on GHG emissions,
which is further discussed in Section 4.1 of the ESL.} '7* Multiple
other studies excluded (i))LUC considerations since waste
streams (e.g. municipal solid waste, landfill gas and/or organic
residues) were used as feedstock (e.g.'®*"°>'®°). Note that the
utilization of municipal solid waste as feedstock partially results
in non-biogenic CO,-emissions due to the share of non-biogenic
waste. Many studies use waste streams as feedstock which avoids
ecological (e.g. LUC and iLUC) and social issues (e.g. competi-
tion for food), resulting from the use of energy crops.”® How-
ever, availability of future biomass waste stream needs to be
considered from a system perspective — we discuss this issue in
Section 4.2.5.

The above examples clearly demonstrate the differences
between the chosen system boundaries of BECCS LCA studies.
Sometimes it remained unclear how and why the authors have
chosen their system boundaries though, also since these studies
did not include complete life cycle inventories.

CO, removed: 1.8 t |
CO, emitted : 1.8t
CO2z balance: 0.0t

1.0t CO, 1.8tCO, 0.5tCO,

U205 t CO,

+ P11+

l.l
|1t £, i
1 L -
[ | S 5
indirect ﬁ
land use upstream ii
I_changc processes U

12tCO,

Fig. 2 Illustration of the inclusion of iLUC in the system boundaries of
BECCS, adapted from Tanzer and Ramirez'> with permission from The
Royal Society of Chemistry.
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Functional unit. Most studies used a functional unit based on
the mass of feedstock used (e.g."**">'7%) or per unit of power
generated (e'g'165,167,168,171).

Multi-functionality. Some studies applied substitution to
combined heat and power generation with credits for avoided
heat and/or electricity generation (e.g.'®***®"?). In general,
we observe a lack in transparency in some studies, since it
remained unclear if and how multi-functionality was dealt with.

Environmental impact categories. More than 80% of BECCS
LCA studies (n = 9) included multiple environmental impact
categories. For example, more than 45% (n = 5) of our sample
included a water footprint and/or ozone depletion indicator.
Hence, it seems that there is an agreement to consider multiple
environmental impact categories for the assessment of BECCS
systems.

3.7 Direct air carbon capture and storage (DACCS)

DACCS can be described as the capturing of CO, from ambient
air, due to the use of sorbent materials, and the subsequent
storage of captured CO, in a permanent way.'®'® Comprehensive
discussions on Direct Air Capture (DAC) systems are provided in
Fasihi et al.,"”> Sanz-Pérez et al."’® and Bui et al.,'”” respectively.

3.7.1 LCAs. Only three comprehensive DACCS LCA studies
have been found."”**®*" These studies are shortly summarized
in the ESL.{ In the following sections we present some key
elements for future work on DACCS LCAs.

System boundaries. A cradle-to-grave approach is required to
include end-of-life considerations. End-of-life environmental
impacts could originate from the injection, (re)compression,
infrastructure requirements (e.g. pipelines) and transportation of
CO0,."%7'# All DAC(CS) LCA studies excluded at least one of these
potential environmental impacts during the carbon storage stage,
except a recent study of Terlouw et al.*®

Functional unit. For DACCS systems, the main objective is to
remove CO,-emissions from the atmosphere. Recommendations
on an appropriate functional unit for CDR technologies are
presented in Section 4.3.4. All DACCS LCA studies used the
amount of CO,-removal from the atmosphere as functional unit.

Environmental impact categories. DACCS LCA showed a signifi-
cant CO, removal potential. However, this sometimes came at the
expense of other environmental burdens due to increased use of
background processes and fuel consumption to capture CO, from
the atmosphere.'®*'%* This raises questions about the environ-
mental trade-offs coming along with removing CO, from the
atmosphere via DACCS.

3.7.2 Proprietary technology. DACCS is an emerging - and
proprietary - technology, hence DAC(CS) publications often
lack transparency. Consequently, detailed life cycle inventory
of DAC(CS) systems is hard to find. Therefore, we argue for
more transparency in the data provision of DACCS systems
(see Section 4.3.1). More discussion and examples are provided
in Section 5.1 of the ESL¥
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3.8 Other promising CDR technologies

This section presents LCA studies on promising CDR technologies,
which could not be categorized according to our CDR technology
portfolio.

The review of Fuss et a
methane and nitrous oxide removal technologies
blue carbon."® To our knowledge, no LCA studies have been
conducted on methane and nitrous oxide removal technologies.
Further, we have excluded carbon capture and utilization as
GHG removal technology, since carbon capture and utilization
does not meet our definition of a CDR technology. One LCA
study has been found on marine carbon sequestration.

The study of N'Yeurt et al,'®® a simplified LCA, presented
ocean afforestation as a potential CDR technology. Ocean
afforestation aims to increase natural populations of algae
feedstocks in oceans to remove CO, from the atmosphere.
The authors argued that ocean afforestation could theoretically
offset all anthropogenic CO,-emissions. Hence, more sophisticated
LCA of ocean afforestation should be conducted.

Lastly, another interesting CDR technology research direc-
tion is using infrastructure to store CO,."°° For example, timber
use and concrete carbonation can contribute to building mate-
rials in order to store CO, over a long time horizon."**"*

1. mentioned the potential of

185-187 and

4 Discussion
4.1 Synthesis

Table 2 summarizes our main findings for each CDR option in
a comparative way and highlights the main gaps and uncertainties
that need to be addressed in future research, in particular LCA-
based research. Fig. 3 visualizes Table 2 and shows how each CDR
technology scores on essential characteristics, the GWP indicator
(equivalent to the net-removal of greenhouse gases from the
atmosphere), and estimates the storage stability of CO, for a
specific CDR technology.

4.1.1 Coverage in LCA literature. With coverage in LCA
literature, we refer to the number of LCA studies per CDR
technology. Many LCA studies have been performed on biochar
(n = 36) and SCS (n = 35). However, SCS was included in larger
(agricultural) product systems, but was never assessed as a self-
standing CDR technology. Further, fewer LCA studies were
conducted on BECCS (7 = 11) and AR (7 = 4). A limited number
of LCA studies was found on DACCS (n = 3), EW (n = 1) and OF
(n = 0). EW and OF are the least explored CDR technologies in
terms of LCAs. Hence, we could not generate meaningful
conclusions for these CDR technologies other than that it is
of great importance to conduct comprehensive LCAs and
experimental case studies for these CDR options.

4.1.2 Coverage of LCIA categories. With coverage of LCIA
categories, we refer to the variety of LCIA categories considered.
We have excluded OF in this assessment category, due to a lack
of LCA studies for this CDR technology. In general, biochar and
SCS were assessed on a wider range of environmental impact
categories. However, still 50% of the biochar LCA studies
excluded other impact categories than impacts on climate
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change. SCS studies usually excluded relevant impact cate-
gories, such as biodiversity and ecotoxicity indicators."'® AR
LCAs were almost entirely focused on the GWP and/or carbon
sequestration impact categories. In addition to impacts on
climate change, BECCS LCA studies frequently included a water
footprint (or water scarcity), ozone depletion, and ecotoxicity
environmental impact category, but usually excluded land use-
related impacts. Especially the inclusion of a water footprint
seems to be important in BECCS, as Rosa et al.'®> estimated a
comparably high prospective water consumption for BECCS to
meet climate targets. This trade-off requires a thorough evaluation
considering local boundary conditions, since water is a local
resource and nowadays water scarcity is already widespread and
perceived as a socio-economic risk to human activities.'**%*

4.1.3 Multi-functionality. With multi-functionality, we
refer to the number of functions the product system provides.
Biochar and SCS systems usually provide multiple product
functions. For biochar, this could be the removal of GHG
emissions from the atmosphere, improved soil fertility (from
soil amendment of biochar) and energy production (from
syngas and/or bio-oil as by-products of pyrolysis). For SCS, we
identified multiple product system functions depending on the
agricultural system evaluated. Also LCA of BECCS often
includes a couple of product system functions, such as energy
generation and carbon removal due to CCS. Multi-functional
product systems generate additional complexity in modelling
choices (see Section 4.3.7) and often impede comparison of
results from different LCA studies.

In contrast, AR, EW, OF and DACCS represent targeted CDR
technologies with limited, or no multi-functionality. The main
purpose of these CDR technologies is to remove GHG emissions
from the atmosphere. However, additional social, economic or
environmental benefits and/or burdens could be generated
from side effects. For example, an improved performance on
biodiversity and soil stability for AR or increased crop produc-
tivity through EW.*>°

4.1.4 Correct application of negative emissions. Correct
application of negative emissions refers to a proper application
and use of the concept of 'negative emissions’ complying with
the definition of negative emissions as embedded in the CDR
technology definition in Section 1. A significant number of
BECCS, SCS and biochar LCA studies used system expansion to
avoid allocation of multi-functional processes. One implication
of system expansion is that reported negative emissions are
often not meaningful for CDR technologies, since no distinc-
tion is made between avoided and real negative emissions (CO,
removed from the atmosphere). Hence, one should be careful
when interpreting LCA results from LCAs applying system
expansion. We found an appropriate application of negative
emissions in DACCS and EW (although based on only one LCA
study); this can be explained by their focus on GHG removal only.

4.1.5 Reliability of present LCA results. Reliability of present
LCA results refers to the quality and reliability of the results
currently presented in CDR technology LCA studies. Do the
available LCA results represent the overall environmental perfor-
mance of different CDR technologies and is their quality
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Fig. 3 Spider graphs synthesizing our findings in line with Table 2. The scores in the spider graph are based on the classifications presented in Table Al of

Section 7 in the ESL¥

Complete classifications, rubrics and explanation are also provided in Section 7 of the ESL.¥ Further, we estimate the GHG removal

efficiency — i.e. percentage net GHG removed per gross CO, captured — and the stability of CO, storage per CDR technology, based on the available literature.

sufficient for decision support? LCA results for EW seem to be
relatively reliable, although based on only one study. AR and
BECCS systems were widely covered by different LCAs. However,
AR LCA was limited in the consideration of LCIA categories,
while (especially) BECCS LCA excluded important side-effects.
LCA results for DACCS seem to be reliable, while the interpreta-
tion of LCA results for biochar and SCS systems is complex. The
three DACCS studies agree on the fact that the carbon removal
efficiency is largely driven by the energy supply requirements for
the DAC process. However, the majority of studies excluded a
detailed analysis of the carbon storage stage thereby excluding
possible environmental impacts, due to the transportation of
CO,, injection and compression of CO,, and their related infra-
structure requirements. For biochar and SCS, the results could
be easily misunderstood due to the often misleading utilization
of the negative sign (i.e. ‘-*) for both negative emission and
avoided emissions. Further, SCS was never assessed as self-
standing CDR technology and was usually included as process
within the system boundaries of agricultural LCA studies.

4.1.6 Importance of side-effects. Side effects could be con-
sidered within a system boundary of an LCA, but frequently they
are not. Most CDR technologies (except DACCS) cause a variety of
side effects. DACCS results in comparatively minor side effects due
to its flexibility of when, how and where it can be implemented."**
Further, DACCS systems (potentially) cause less harmful environ-
mental side-effects compared to other CDR technologies, since
DACCS systems generally avoid (i))LUC, food competition and
ecosystem implications (e.g. soil quality change), although they
exhibit high energy consumption'’®'*> and could result in water
issues in water scarce areas.'”> On the contrary, all other CDR
technologies can exhibit substantial side effects including (i)LUC,

1712 | Energy Environ. Sci., 2021, 14,1701-1721

food and water competition,'*>'** biodiversity and albedo change
as well as ecosystem disturbances.*® A full understanding of these -
often depending on regional, local, or even site-specific boundary
conditions - is often missing, especially for EW and OF."*?

4.1.7 Main uncertainties. We consider temporal disturbances
and variable local conditions as the most uncertain factors in LCA of
AR (these factors also apply to biochar and BECCS). Temporal
disturbances of forests can greatly influence the LCA results and
could determine whether an AR project removes or emits GHGSs to
the atmosphere.’*"'% For biochar, we identify biochar stability
in soil,””7>#'% the performance of the biomass conversion
(e.g. pyrolysis) process®>'*® and local conditions”*® as the main
uncertainties. Main uncertainties of SCS are associated with the rate
of SCS and the possible reversibility due to soil dynamics."**"*°
Further, there is no agreement on how to account for soil carbon
changes - hence SCS - in LCA.*® Uncertainty for OF is mainly
related to the possible reversibility of carbon storage and the lack of
real experiments assessed over long periods of time.”" Uncertainties
regarding EW are also due to limited availability of experimental
results, weathering rates (i.e. sequestration potential)'>*"*” as well as
energy consumption requirements for rock grinding.'*® Uncer-
tainties of BECCS systems are mainly related to biomass avail-
ability, CO, storage capacity and sites, and the competition
between food, land and water.?°® Uncertainties in DACCS LCA
systems mainly concern the availability of (geological) storage
sites'® and the energy consumption during CO, capture.'”

4.2 Open issues and limitations

4.2.1 Sustainability. Our work focused on the environmental
performance of CDR technologies. However, environmental
performance is only one of the pillars of sustainability, besides

This journal is © The Royal Society of Chemistry 2021
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201,202 previous reviews identified eco-

10,12—14,203,204)

economic and social aspects.
nomic and societal aspects of CDR technologies (e.g:
Besides life-cycle environmental performance, the LCA commu-
nity could contribute to the assessment of the economic and
social aspects of CDR technologies by conducting life-cycle cost
assessments®® and social LCAs, respectively.”°°>°® This could
result in a better understanding of the overall sustainability of
CDR technologies.

4.2.2 LCA as one of the assessment tools. We emphasize
that LCA is only one of the tools to assess CDR technologies on
their (environmental) performance.>*>*'® Alternative assessment
tools should be used in a complementary way, such as risk
assessment and material flow analysis.”"°

4.2.3 Selection of LCA CDR technology studies. We
selected our LCA CDR technology studies based on different
search queries in Web of Science, Scopus and Google Scholar.
However, the studied research field is still improving in quality
and is growing fast in quantity. Therefore, our review might
have overlooked very recent studies. However, we believe that
our sample of LCA studies reflects the current state of CDR
technology LCAs in a representative and comprehensive way.

4.2.4 Comparability between LCA studies. Our review
revealed that available LCA results for most CDR technologies
must not be compared without further harmonization, since
consistency in terms of system boundaries, applied models, key
assumptions, used background data and modeling choices is
generally missing. For example, some studies extended their
system boundaries to include side effects, while others neglected
those. In addition, a lack of transparency impedes comparison of
LCA CDR technology studies.

4.2.5 Waste streams as biomass feedstock. Many biomass
based studies (e.g. on BECCS and biochar) use waste streams
and assume that the waste streams come entirely (or almost)
burden-free within their LCI. However, the question arises how
much future biomass waste can be effectively used as biomass
feedstock for CDR technologies, when the competition for
alternative uses increases.”! Theoretically, a reduction of waste
streams can be expected due to the evolution towards a more
circular economy in the future."””” Hence, we recommend to
explore alternative biomass feedstock options.

4.2.6 Alternative system layouts and pathways. CDR tech-
nology systems are characterized by their variety of system
layouts and value chains. For example, BECCS systems include
the use of novel feedstock like algae,'”” different power plant
configurations and blending ratios of biomass and fossil energy
carriers'®” as well as the production of hydrogen from bio-
methane with CCS.'®® This large variety needs to be thoroughly
addressed in further LCA.

4.2.7 Ethics. Recent works estimated significant GHG
removal potentials for CDR technologies, although with large
uncertainties regarding their economic and environmental
performance.'®*° Therefore, the potential of CDR technologies
could be easily overestimated and policy makers could rely on
this future potential and subsequently postpone climate miti-
gation actions."”*'* Such ethical issues will not be captured by
LCA, but high-qualitative and transparent LCA studies could

This journal is © The Royal Society of Chemistry 2021
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provide an unbiased basis for the debate about CDR technol-
ogies in society.

4.3 Recommendations and future research

4.3.1 Transparency. Most CDR technology LCAs did not
include their life cycle inventory and we consider this as mostly
inacceptable. Such procedure can only be justified in case of
proprietary technologies, such as DAC. Apart from such excep-
tions, LCAs without (disclosed) complete life cycle inventories
should actually be rejected during the review process, since the
results cannot be interpreted and compared in a meaningful
way without complete and disclosed datasets as well as modeling
assumptions. Such transparency is essential for harmonization
of CDR-related LCA results.

4.3.2 System boundaries: the inclusion of side-effects.
Many CDR technology LCAs were based on a cradle-to-gate
analysis, which means that the end-of-life phase is not
included. However, the end-of-life phase can result in signifi-
cant environmental impacts,'®> hence we recommend a cradle-
to-grave perspective. Further, we identified the inclusion of side
effects and site-specific assumptions as being crucial for LCA
results. We found that side effects, which are often case-
specific, have hardly been quantified and should be considered
in a proper LCA. However, we acknowledge that LCA might not
be the best-suited method to address side-effects, which are
currently not well understood and that a combination of LCA
with other methods, such as risk assessment, might be required.

4.3.3 Temporal aspects. Temporal aspects - i.e. timing of
extraction of CO, from the atmosphere and GHG emissions -
can be important for biomass-related CDR technologies and
their performance in terms of ‘net-negativity’ and should thus
be investigated (see Section 3.1.3). Therefore, we recommend to
consider temporal aspects in biomass related projects (e.g with
dynamic LCA™), and to be transparent about the methodology used.

4.3.4 Functional unit. LCA studies on CDR technologies
should use an appropriate functional unit, which considers the
primary goal of a CDR technology (i.e. GHG removal from the
atmosphere). An appropriate functional unit is one that can be
used to compare different CDR technologies,” e.g. environ-
mental impacts per tonne of CO,-eq. removed. Such a func-
tional unit allows for a reliable comparison and the
identification of CDR technologies with the best overall envir-
onmental performance. Based on this functional unit, environ-
mental burdens specifically relevant for certain CDR options
can be quantified, for example the quantity of GHG removed
from the atmosphere per unit of land use in case of BECCS.
Such non-GHG related burdens can, if consistently quantified,
also be used for comparison of different CDR options.

4.3.5 Environmental impact categories: comprehensive
approach. A comprehensive analysis based on a variety of
environmental impact categories was usually missing, most
CDR technology LCAs focused on climate change impacts.
However, only the quantification of a wide set of environmental
impact categories allows for an identification of potential
(socio)-environmental co-benefits and trade-offs. Further, we
recommend to assess CDR technologies on other potentially
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important and emerging environmental indicators, such as soil
quality,"*® biodiversity,"'® water consumption’®> and metal
scarcity/criticality.>'?

4.3.6 Soil carbon sequestration: general LCA approach. We
recommend to introduce a general approach to include soil
carbon changes in LCA,*® for example by introducing a new
environmental impact category or integrating soil carbon changes
in other impact categories, in particular GWP. A general LCA
approach for soil carbon changes could overcome the over-
whelming number of current approaches. This general approach
should be easily applicable for most LCA studies to account for
soil carbon changes, including SCS. The inclusion of soil carbon
changes and/or soil quality could have a significant impact on
GWP and other environmental impact categories.>®*®'3? A soil
quality indicator could consider effects on land degradation,
biodiversity and pesticide issues.'*® In the short term, without a
generally accepted approach in place, we recommend to deal
with large uncertainties associated with carbon sequestration
rates and the permanence of soil carbon storage by performing
sensitivity analysis and by evaluating different scenarios (e.g. as
in Antonini et al.*®).

4.3.7 Accounting for negative emissions. System expansion
was frequently used to avoid allocation for multi-output

1714 | Energy Environ. Sci., 2021, 14, 1701-1721

processes. System expansion usually resulted in avoided emissions,
which were accounted for as negative emissions, hence could be
easily misunderstood. An example of system expansion with its
implications and recommendations is given in the next para-
graphs. We use a biochar system as an example, since biochar
systems usually include multiple product outputs.

An example of such a biochar system with system expansion
is visualized in Fig. 4. Note that this figure represents a
simplified scheme and focuses on CO,-eq. emissions only;
GWP values are indicative. Fig. 3 identifies the possible impact
of system expansion on the GWP results of a biochar LCA. This
specific biochar system includes environmental impacts
derived from fertilizer production (used to produce feedstock),
feedstock production, feedstock preparation, slow pyrolysis,
biochar soil amendment, methane production (from syngas)
and electricity production (from bio-oil). Besides that, we
included transportation processes within our system boundaries
indicated with a ‘T". Potential side effects (e.g. iLUC and albedo
changes) are excluded.

A reference system is proposed for the application of system
expansion to avoid allocation associated with by-products
(i.e. syngas and bio-oil), where we assume that electricity is
generated from hard coal. The electricity supply chain includes

This journal is © The Royal Society of Chemistry 2021
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the coal processing, transport and electricity production by
coal. A similar reference system is visualized for the production
of natural gas to be used for heating. When applying system
expansion, environmental credits are given for avoided processes,
which are ‘heat production from methane’ and ‘electricity produc-
tion from coal’ in this specific case. As mentioned earlier, avoided
processes are most often assigned with ‘negative’ GHG emissions
in LCA literature - this is, however, misleading in the context of
CDR technologies.

We indicate carbon emissions with a red color, negative
GHG emissions in green and avoided GHG emissions in
orange. Further, note that ‘biochar soil amendment’ results
in permanent carbon storage, hence the carbon flow of this
process is indicated in green.

The GWP results in Fig. 4 — according to common procedure
(adding ‘avoided’ and ‘negative’ emissions) — would result in
net negative GHG emissions for the biochar system (i.e. a total
of —45 kg CO,-eq. t " biochar). However, the question arises, if
these results are meaningful for the quantification of negative
GHG emissions according to the CDR technology definition.
We argue they are not, since avoided GHG emissions do not
represent permanent removal of GHGs from the atmosphere
and therefore must not be added to truly negative GHG emissions
in the sense of ‘permanently removed from the atmosphere’. LCA
studies must distinguish between avoided and negative emis-
sions. In addition, the specification of the reference system is
always arbitrary: in our example, electricity is produced using hard
coal. If this was produced by renewables or by natural gas, it could
substantially reduce the credited CO, emissions.>**

Alternatively, LCA practitioners can use an attributional
approach and can allocate environmental impacts of multi-
output processes, e.g. based on mass, physical characteristics or
monetary value. The same biochar system is presented in Fig. 4,
using mass allocation. In this specific case, 35% of the total
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<~ > [Environmental
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Production &
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environmental burdens of upstream activities are allocated to
the biochar product.®® Note that this would not be the best
allocation method per se and that the type of allocation is a
subjective choice. The overall GWP results in Fig. 5, however,
show real negative GHG emissions, instead of the non-
meaningful ‘negative emissions’ shown in Fig. 4.

In both cases, LCA results can be quantified for our recom-
mended functional unit — burdens per unit of CO,-eq. removed,
corresponding to the real negative emissions and not to the
sum of negative and avoided GHG emissions.

The implications on the LCA results - in this case only GHG
emissions - of either system expansion or allocation are signifi-
cant. Using system expansion led to a GHG removal of 140 kg CO,-
eq., 200 kg CO,-eq. avoided GHG emissions and total upstream
GHG emissions of 365 kg CO,-eq. per ton of biochar applica-
tion, while using allocation resulted in total GHG emissions of
—12.25 kg CO,-equivalent per ton of biochar application. As
mentioned, both approaches have advantages and disadvan-
tages and the accuracy and viability of both approaches are
largely influenced by decisions of an LCA practitioner, such as
the chosen substitution products (system expansion) and the
type of allocation. Consequently, we argue to perform a sensi-
tivity analysis to analyze both approaches as well as to demon-
strate the most sensitive parameters driving the LCA results.

To conclude, LCA of CDR technologies must avoid ambiguity
in the interpretation of ‘negative emissions’. When system
expansion is chosen and the goal of an LCA is to show the
environmental performance and carbon removal of CDR tech-
nologies, we argue to make a distinction between real negative
emissions and avoided emissions in the LCA results. In addition,
we recommend to apply both system expansion and allocation in
CDR technology LCAs, in which multi-functionality plays an
important role, and to compare the results obtained from the
different approaches.
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Fig. 5 Example of an attributional LCA for a biochar system, applying mass allocation and quantifying real negative emissions. Note that for
simplification, side effects such as albedo changes and iLUC are not included in the quantification of GWP results in this scheme, but should be

accounted for in LCA. GWP values are indicative.
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4.3.8 General guidelines and standardization. General LCA
modelling guidelines for each CDR technology option could
increase comparability and the overall quality of CDR technol-
ogy LCA studies. Due to the complexity of CDR technologies, we
argue to establish such guidelines.

Fig. 6 demonstrates our recommendations which should be
considered when conducting an LCA on CDR technologies.
Note that we avoid the repetition of general guidelines presented
in LCA handbooks. The general guidelines should always be
followed, hence our recommendations should function on top of
the general guidelines of the ISO.

Our three most important recommendations for CDR LCAs
are: (1) to distinguish between avoided and negative emissions,
(2) to consider side-effects within the system boundaries of an
LCA and (3) to quantify LCA results per ton of CO,-removal as
functional unit in a transparent way. First, CDR potentials can
only be quantified with a clear distinction between negative
and avoided GHG-emissions - without such a distinction, any
CDR evaluation misses its purpose. Second, the inclusion of
side-effects within the system boundaries of an LCA showed to
be extremely important. In fact, CDR schemes have a complex
nature due to many inter-dependencies (e.g. the water, energy and
food security nexus) and thus could result in severe side-effects.
Some of these side-effects can be quantified with traditional life
cycle impact categories and therefore we recommended to select a
wide set of environmental impact categories as well. Third, the
application of a common functional unit (per ton of CO,-removal) -
together with transparency in terms of modeling choices and LCI
data - enables a meaningful comparison between different CDR
technologies and LCA studies.

5 Conclusions

Previous research and prospective energy system models
assigned significant GHG removal potentials to CDR technologies,
though with a limited understanding of overall environmental
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implications. This study aimed to determine the current state of
knowledge regarding LCAs on CDR technologies. Associated
methodological choices were critically reviewed from an LCA
point of view. We demonstrated the immature and complex
nature of LCA studies on CDR technologies, manifested by both
the ambiguous quality and quantity of CDR technology LCA
studies. We identified several shortcomings in the reviewed
literature: especially LCAs on biochar and SCS often deal with
avoided and negative (in the sense of removal from the atmo-
sphere) emissions in an additive way, which does not result in
meaningful CDR technology impacts on climate change. Further,
the application of multiple environmental impact categories is
limited and side effects are usually not included, which results in
additional uncertainty on the overall environmental impacts. We
also found substantial lack of transparency, both on modeling
choices and inventory data, which hinders harmonization of LCAs
and reduces usefulness of available studies in decision contexts.
Based on the available body of CDR LCA literature, we conclude
that the available LCA results are - for most CDR options - not
representative nor reliable and should not be used in a decision
making context without a very careful interpretation.

The identified shortcomings must be eliminated to fully
understand the environmental benefits and potential trade-offs
associated with CDR technologies before any large-scale implemen-
tation. To achieve this, more research is needed before relying on
CDR technologies. Our recommendations for best-practice can
serve as a guideline for future LCA studies on CDR technologies
evaluated with LCA. Given all the present uncertainties, we consider
strongly relying on CDR technologies to achieve climate goals as
inappropriate. Hence, we see no reason to postpone climate
mitigation measures.
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