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SYNTHESIS ARTICLE

Carbon accounting for negative emissions technologies
Matthew Brandera, Francisco Ascui a, Vivian Scott b and Simon Tettb

aUniversity of Edinburgh Business School, Edinburgh, UK; bUniversity of Edinburgh School of Geosciences, Edinburgh, UK

ABSTRACT
Negative emissions technologies (NETs) are an essential part of most scenarios for
achieving the Paris Agreement goal of limiting warming to below 2°C and for all
scenarios that limit warming to 1.5 °C. The deployment of these technologies
requires carbon accounting methods for a range of different purposes, such as
determining the effectiveness of specific technologies or incentivising NETs.
Although the need for carbon accounting methods is discussed within the
literature on NETs, there does not appear to be a clear understanding of the range
of different accounting challenges. Based on a systematic literature review this
study identifies five distinct accounting issues related to NETs: 1. estimating total
system-wide change in emissions/removals; 2. non-permanence; 3. non-
equivalence of ‘no overshoot’ and ‘overshoot and removal’; 4. accounting for
incentives for NETs; and 5. the temporal distribution of emissions/removals.
Solutions to these accounting challenges are proposed, or alternatively, areas for
further research and the development of solutions are highlighted. One key
recommendation is that carbon accounting methods should follow a ‘reality
principle’ to report emissions and removals when and where they actually occur,
and an important overall conclusion is that it is essential to use the correct
accounting method for its appropriate purpose. For example, consequential
methods that take account of total system-wide changes in emissions/removals
should be used if the purpose is to inform decisions on the deployment or
incentivisation of NETs. Attributional methods, however, should be used if the
purpose is to construct static descriptions of possible net zero worlds.

Key policy insights:
. Negative emissions technologies (NETs) raise a number of distinct carbon

accounting challenges, the importance of which varies across different NETs.
. Attributional life cycle assessment is not an appropriate method for estimating the

system-wide changes caused by the deployment of NETs.
. Consequential greenhouse gas accounting methods should be used to estimate

system-wide changes, and should be used as much as possible for guiding
incentives for NETs.

. Greenhouse gas accounting methods should follow a ‘reality principle’ to report
emissions and removals when and where they actually occur.
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1. Introduction

Negative emissions technologies (NETs) are an essential part of most scenarios for achieving the Paris Agree-
ment goal of limiting warming to below 2°C (Anderson & Peters, 2016; Smith et al., 2016; van Vuuren et al.,
2013), and all scenarios for limiting warming below 1.5 °C (IPCC, 2018). The deployment of these technologies
will require carbon accounting methods for a range of different purposes, such as determining the effectiveness
of specific technologies, or allocating responsibility and determining who will pay for NETs. Although the need
for carbon accounting methods is discussed in the NETs literature (e.g. Royal Society and Royal Academy of
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Engineering (2018), hereafter ‘RS-RAEng’) there does not appear to be a clear understanding of the range of
different accounting issues and requirements associated with NETs. This study therefore aims to identify
these different accounting challenges, and to identify potential solutions or areas for further development.

A NET is a technology that achieves a net removal of greenhouse gases (GHGs) from the atmosphere, i.e. the
removals achieved are greater than any positive emissions caused by the deployment of the technology (Tanzer
& Ramírez, 2019). Examples include technologies or actions such as afforestation/reforestation/forest manage-
ment (AR/FM), enhanced soil carbon sequestration (SCS), enhanced weathering of minerals (EW), ocean fertili-
zation (OF), bioenergy with carbon capture and storage (BECCS), and direct air capture and carbon storage
(DACCS) (Smith & Friedmann, 2017). These technologies include those that primarily enhance natural processes,
e.g. AR/FM, those which rely entirely on human engineering, e.g. DACCS, and those involving some combi-
nation of natural processes and human engineering, e.g. BECCS. NETs can also be referred to as ‘carbon
dioxide removal’ (CDR), if only CO2 is removed, or ‘greenhouse gas removal’ (GGR), but for consistency the
term NETs is used in this paper.

The need for accounting and accountability in relation to NETs is mentioned extensively in the academic
literature. For example, McLaren (2012a) identifies ‘accountability’, i.e. the ‘impacts of the technique should
be capable of being adequately measured and accounted for’ (2012a, p. 490), as one of seven criteria for asses-
sing NETs, concluding that accountability ‘raises further challenges for the deployment (and incentivisation) of
most NETs’ (2012a, p. 498). Lomax et al. (2015) reach a similar conclusion, stating that integrating ‘GGR effec-
tively into policy raises significant challenges relating to uncertain costs, side effects, life-cycle effectiveness and
accounting’ (2015, p. 125). Likewise, Fuss et al. (2016, p. 7) highlight the ‘current lack of consistent emissions
accounting rules for all types of NETs’ (Fuss et al., 2016, p. 7). Lin (2018), writing from an environmental law
perspective, also emphasizes the point that reliable ‘accounting of net carbon emissions is necessary for
CDR to work and for policymakers, investors, and the public to support CDR’ (2018, p. 579). One of the key rec-
ommendations from the RS-RAEng’s (2018) report for the development of NETs is to establish ‘a framework to
govern sustainability of GGR deployment. Undertake rigorous life cycle assessments and environmental moni-
toring of individual methods and of their use together’ (2018, p. 116). Similarly, although focused specifically on
BECCS, Stavrakas et al. (2018) identify carbon reporting and accounting systems under the EU Emissions Trading
System (EU ETS), United Nations Framework Convention on Climate Change (UNFCCC), and Kyoto Protocol as a
key area for investigation and policy development.

The above illustrates the broad acknowledgement of the importance of carbon accounting for NETs, and
recognition of some specific challenges that need to be addressed, such as uncertainty and consistency.
However, there appears to be neither a clear classification of the distinct accounting issues associated with
NETs in the literature, nor recognition of the possibility that different accounting methods may be required
for different aspects of deployment and governance (Ascui & Lovell, 2011). To address this gap, this paper
undertakes a systematic literature review to identify the different carbon accounting issues associated with
NETs. In many cases the identified accounting challenges are similar to those for other climate change mitiga-
tion technologies, and on this basis the paper proposes a number of potential solutions.

The remainder of the paper is structured as follows: Section 2 describes the methodology for the systematic
literature review; Section 3 presents the different accounting issues identified, and proposes potential solutions;
and Section 4 sets out some limitations and concluding remarks.

2. Methods

A two-stage literature review was conducted in order to identify the extant literature related to NETs and
carbon accounting. The first stage used a search for key phrases in Google Scholar, combining two categories,
the first relating to carbon accounting (‘carbon accounting’, ‘GHG accounting’, ‘MRV’ and ‘accountability’) and
the second to NETs (‘negative emissions’, ‘NETs’, ‘greenhouse gas removal’, ‘CDR’, ‘CO2 removal’ and ‘carbon
dioxide removal’). The titles and abstracts of the publications returned were then screened to exclude those
that were in fact not related to carbon accounting and NETs. The second stage used ‘snowballing’ to identify
further relevant publications which cited or were cited by the publications identified in the first stage in order to
help address possible bias caused by the choice of key words (Camacho-Otero et al., 2018). A later iteration of
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the key phrase search was also undertaken with the terms ‘LCA’ and ‘life cycle assessment’, also to address poss-
ible bias caused by the initial choice of key words.

A grounded approach was used for the analysis of the literature, i.e. we did not use a pre-determined analyti-
cal framework, as the intention for the review was to identify different categories of accounting issue from the
literature itself, rather than prejudge what those categories should be. The analysis followed the three forms of
coding recommended by Wolfswinkel et al. (2013), with ‘open coding’ providing the main categories of
accounting issue, ‘selective coding’ identifying linkages between those categories, and ‘axial coding’ reflecting
on other cross-cutting issues. It should be noted that there is no single ‘right way’ to structure the categoriz-
ation of accounting issues identified from the literature, and alternative categorisations are possible. In our con-
clusions, we note additional issues that could also be considered within the remit of accounting.

3. Results and discussion

The key phrase search returned 32 peer reviewed journal articles that explicitly discuss NETs and carbon
accounting, and the subsequent snowballing exercise returned a further 33 articles, including letters and com-
mentary articles. Based on these articles, the following five distinct but interrelated carbon accounting issues
were identified: 1. Accounting for total system-wide change in emissions/removals; 2. Non-permanence of
negative emissions; 3. Non-equivalence of ‘no overshoot’ and ‘overshoot and removal’; 4. Accounting for incen-
tives for NETs; and 5. Accounting for the temporal distribution of emissions/removals. These accounting issues
are described below. For each issue, we identify or propose a number of potential solutions, largely based on
existing accounting techniques or practices. Where we did not identify possible solutions, areas for further
research are instead highlighted. We also present an initial assessment of the importance of the different
accounting issues identified to specific types of NETs.

The later iteration of the key phrase search using ‘LCA’ or ‘life cycle assessment’ returned a further 51 articles.
These provided further examples and instances of the accounting issues identified from the initial key phrase
search and snowballing, but did not reveal additional accounting issues.

3.1. Total system-wide change in emissions/removals

A key accounting issue within the NETs literature is the quantification of the net change in emissions/removals
caused by the deployment of NETs (Fajardy et al., 2019; Guest et al., 2013; National Academies of Science Engin-
eering and Medicine, 2019; Tanzer & Ramírez, 2019; Zakkour et al., 2014).1 One of the predominant carbon
accounting methods used to quantify net removals is ‘attributional’ LCA, for which the system boundary is
defined by the processes used in the life cycle of a technology (Brander, 2016a). For example, Zakkour et al.
(2014) state that in order to calculate the life cycle emissions from BECCS, emissions from processes such as
biomass harvesting and the energy used in capturing, transporting and injecting CO2 should be included. LCA
also appears to be endorsed as an appropriate method by the RS-RAEng report which recommends ‘rigorous
life cycle assessments’ (2018, p. 116). However, it is increasingly recognizedwithin the LCA community that ‘attri-
butional’ LCA is not appropriate for informing decisions, as the system boundary does not necessarily provide
information on the total system-wide change in emissions caused by the decision in question (Plevin et al., 2014).

Tanzer and Ramírez (2019) provide a useful illustration of the limitations with attributional LCA, using BECCS
as an example. Attributional LCA includes all the processes directly used in the life cycle of a technology, but
does not include indirect market-mediated effects, such as indirect land use change caused by increased
market prices for biomass (caused by the deployment of BECCS). Similarly, if the BECCS system uses captured
CO2 for enhanced oil recovery (EOR), the resulting increase in the supply of oil may cause a marginal decrease in
oil prices and thereby increase oil consumption (with associated emissions).

Although there is growing recognition of the insufficiency of attributional LCA for decision-making, and the
need for methods which include all changes within the system boundary (Gough et al., 2018; Tanzer & Ramírez,
2019), it is important that this message is disseminated more widely. Often the distinction between attributional
LCA and consequential LCA, or other methods that aim to estimate system-wide changes, is not explicitly recog-
nized, as illustrated by the RS-RAEng report (2018), which does not clarify which type of LCA it is recommending.
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Broadly, consequential methods are those that explicitly aim to quantity the total system-wide change caused by
a specified decision or action (Brander, 2016b), and include consequential LCA, project-level accounting, and
policy-level accounting. Evenwhen it is recognized that all changes in emissions/removals need tobe considered,
there appear tobemisunderstandings aboutwhich carbon accountingmethods are appropriate for this purpose.
For example, Torvanger (2019) recognizes the need for accounting methods which include all changes in emis-
sions/removals ‘including indirectmarket and price effects’ (2019, p. 332), and recommends the establishment of
a ‘standardized framework for calculation of the effect of biomass crops and processing on net CO2 emissions’.
However, Torvanger (2019) suggests that such a framework could be based onmethods such as the IPCC guide-
lines for national GHG inventories or the EU’s Renewable Energy Directive (RED) sustainability reporting, which
are both ‘attributional’ in nature, and do not include indirect market and price effects (Brander, 2016b). In
addition, recognition of indirect effects is often limited to indirect land use change (van Vuuren et al., 2013),
but it is important that all changes in emissions are considered, including other market-mediated effects such
as the oil price effects from EOR, or material displacement effects (Brander, 2017; Guest et al., 2013; Kemper,
2015; National Academies of Science Engineering and Medicine, 2019). It is worth noting that attributional
LCA may be useful for other purposes (other than estimating the total change in emissions/removals caused
by a decision), e.g. for constructing plausible static descriptions of a net zero world. This is because attributional
LCA shows the balance of emissions/removals from the processes directly or inherently used within the life cycle
of a technology, and the results are, in principle, additive to estimate global totals (Brander et al., 2019). However,
any decisions or policies aimed at achieving a specified scenario would still need to be assessed using a conse-
quential method, to avoid unintended indirect consequences.

In addition to misunderstandings about which carbon accounting methods consider all emissions/removals
that change, there also appear to be misunderstandings about which accounting approaches are appropriate
for modelling change. For instance, RS-RAEng recommend developing ‘international science-based standards
for monitoring, reporting and verification for GGR approaches’ (2018, p. 117). However, if intended as an
approach to assess the change in emissions/removals caused by NETs, such an approach is not sufficient on
its own, as change caused by an intervention in complex dynamic systems typically cannot be directly moni-
tored or observed, but only estimated or modelled relative to a counterfactual baseline. A similar misconcep-
tion is evident in the Ecofys (2017) report on indicators for NETs, which suggests that a monitoring system could
be used to prove additionality (i.e. that net removals would not have occurred anyway, in the absence of an
intervention). Demonstrating additionality involves proving that an intervention has caused a change, and
also necessarily involves the use of a counterfactual baseline, which by definition cannot be directly monitored.

The necessity of a baseline is illustrated in Figure 1, which shows that even though observed/monitored
carbon stocks following the implementation of a NET might be increasing over time, this does not entail
that the NET has not caused an increase in emissions (or decrease in removals) relative to what would have
happened in the absence of the intervention, if the baseline increase in carbon stocks would have been
greater than the observed increase. This misconception (concerning the necessity of a baseline for estimating
change) also appears to be prevalent in the bioenergy and forest carbon accounting literature, with studies
suggesting that stable or increasing forest carbon stocks at the ‘landscape’ level indicate that the use of bioe-
nergy does not have a negative impact on carbon stocks (Adams et al., 2013; Mitchell et al., 2012; Smith & Bus-
tamante, 2014; Zanchi et al., 2012).

In summary, in order to understand the effectiveness of NETs, carbon accounting methods are needed that
include all emissions and removals that change, and a counterfactual baseline is needed to estimate the change
caused by the decision in question (Guest et al., 2013). An example of an accounting method with these fea-
tures is the GHG Protocol Policy and Action Standard (WRI, 2014), which is also suitable for representing the tem-
poral distributions of emissions/removals, discussed in Section 3.5.

3.2. Non-permanence of negative emissions

A second challenge is how to account for non-permanence, which is a potential risk formany NETs (Boucher et al.,
2014; Kemper, 2015; Lomax et al., 2015; Meadowcroft, 2013; Scott et al., 2015). Whilst all NETs share the character-
istic of removing GHGs from the atmosphere, they differ considerably with respect to the final destination of the
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removed gas, with options including above and below-ground biomass (AR/FM); soil (SCS); geological formations
(BECCS, DACCS) and the ocean (EW, OF). Each of these sinks has different characteristics, especially with regard to
residence times and the risk of flow reversal, For example, carbon stored in forests may suffer from catastrophic
release due to wildfires or disease (Galik & Jackson, 2009), or CO2 captured from BECCS or DACCS which is
stored in geological formations could suffer from leakage (Lilliestam et al., 2012), though this may be minimal
(Alcalde, Flude, et al., 2018; Daggash et al., 2019). Non-permanence is highly important as temporary removals
do not contribute to long-term temperature stabilization (Scott et al., 2015), unless temporary removals are
replacedwith further temporary removals in perpetuity. Nevertheless, temporarily removing CO2 from the atmos-
phere may have some benefits in terms of reducing peak emissions overshoot or peak temperature change,
thereby ‘buying time’ before alternative permanent NETs can be deployed. Although non-permanence is dis-
cussed in a number of places in the NETs literature (Boucher et al., 2014; Lomax et al., 2015; Meadowcroft,
2013), there does not always appear to be clear recognition that non-permanence raises a number of distinct
accounting issues. Based on the literature review, the following distinct accounting issues are identified: account-
ing for the non-permanence of individual storeswithin aggregate pools of carbon; accountability/liability for non-
permanence; and accounting for the uncertainty of non-permanence. Each of these is discussed in turn below.

3.2.1. Accounting for the non-permanence of individual stores within aggregate pools of carbon
Some individual stores of carbon, e.g. individual stands of trees or individual harvestedwood products (HWPs), are
not permanent and this raises questions about their value for achieving long-term temperature targets. However,
individual temporary stores can form part of an aggregate carbon pool, which, in principle, can be maintained
indefinitely. Accounting approaches do already exist for dealing with the non-permanence of individual carbon
stores at the level of aggregate pools. For example, although individual HWPs may have limited half-lives (e.g.
twoyears for paper, 35years for sawn timber (Friedenetal., 2012)), if the aggregate stock ismaintainedor increased,
this signifies a persisting store of carbon (Iordan et al., 2018; Johnston & Radeloff, 2019). A similar approach can be
used for the permanence of forest carbon in commercial forests, i.e. although individual stands will be harvested
and replanted cyclically, the aggregate stock can be used to assess the permanence of the carbon pool.

One additional issue to note with the treatment of non-permanent stores is that if the purpose of the
accounting exercise is to quantify the total change in emissions caused by the deployment of the technology
assessed, then it is important to account for any on-going emissions caused by maintaining the carbon pool in
perpetuity. For example, the life cycle emissions from achieving on-going carbon storage in stocks of HWPs

Figure 1. Illustration of baseline and monitored carbon stocks.
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include the emissions from planting, harvesting, processing, replanting etc., repeated indefinitely. Figure 2 pro-
vides an illustrative example for HWP, and shows how repeated emissions over time will eventually exceed the
amount of carbon stored, and cumulative emissions/removals will become net positive (unless the processes
used to maintain the carbon stock are also decarbonized).

3.2.2. Accountability/liability for non-permanence
An accountability issue related to non-permanence is how to allocate or manage liability for reversals in stored
carbon (Bode & Jung, 2006; Fuss et al., 2016). This issue is important as liability for reversals, or even uncertainty
concerning liability for reversals, can undermine confidence and investment in storage technologies, as has
been the case with CCS under the EU CCS Directive (Oraee-Mirzamani et al., 2013).

The main approaches that have been taken to address this issue include temporary crediting, and perma-
nent crediting with a separate rule or mechanism to deal with the possibility of reversal (e.g. fixed liability
periods, tonne-year crediting, buffers or insurance). Temporary crediting was adopted for AR projects under
the Kyoto Protocol Clean Development Mechanism (CDM), with eligible projects generating credits which
are only valid until a certain date, after which they must be replaced either with newly issued temporary
credits, or a permanent credit from another (non-NETs) source (Galinato et al., 2011). While this approach
ensures that any reversal will be compensated either with further removals or reductions in emissions else-
where, the non-fungibility of temporary credits in international carbon markets depressed demand and ulti-
mately investment in CDM AR projects fell far below initial expectations (Neeff & Ascui, 2009).

Permanent credits with fixed liability periods have been used in several schemes as a way of limiting liability
for buyers and sellers of removals credits from individual projects, even though the country in which the project
was based might still have to account for any reversal of storage in its national accounting. Tonne-year crediting
was proposed as a way of awarding removals projects with permanent credits based on removals sustained
over a period of years, multiplied by an equivalence factor (Fearnside et al., 2000), but credits may only
accrue very slowly under this method, which can have significant negative implications for the economic via-
bility of removal projects (Subak, 2003). Buffers and insurance are both reversal compensation mechanisms,
with the main difference being that buffers hold back credits against the possibility of reversal, whereas insur-
ance provides financial compensation, which implicitly relies on the assumed ability to purchase replacement
credits from the market in order to achieve accounting integrity. Overall, permanent credits with either fixed
liability periods or buffers are the two methods for allocating liability for non-permanence that have been
most widely and successfully used in carbon markets to date.

Figure 2. Illustration of cumulative net emissions/removals from non-permanent carbon stores.
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3.2.3. Accounting for uncertainty and non-permanence
A third issue related to non-permanence is how to account for the uncertainty of potential reversals (Lomax
et al., 2015). Although accounting for uncertainty is an issue that arises for NETs generally, rather than only
in relation to non-permanence, discussion on uncertainty is included here with the intention that the points
below also apply to uncertainty more broadly. Uncertainty can be categorized into two distinct types: firstly,
quantifiable risk, where there are known probabilities for different outcomes, e.g. a ‘95% probability that the
carbon stored in sawn timber will be oxidized and return to the atmosphere within x years’; and secondly,
Knightian uncertainty, when the probabilities of different outcomes are unknown (Knight, 1933).

In the case of quantifiable risk, this can be incorporated into carbon accounting practices relatively straight-
forwardly, for instance, if costs per net tCO2 removed are $200/tCO2, and there is a known probability of reversal
of 20%, then the denominator of the metric (i.e. per tCO2 removed) is reduced by 20%, and the risk-adjusted
cost per tonne permanently removed becomes $250/tCO2. Known uncertainties can also be managed using
risk-buffer approaches (3.2.2 above), as the size of the reserve required will be known.

However, because many factors associated with non-permanence are likely to change in the future, not least
due to climate change itself (Lawrence et al., 2018), e.g. the probability of forest fire is likely to change over time
due to a changing climate, the form of uncertainty associated with reversals may be more appropriately charac-
terized as Knightian uncertainty, where the probabilities are unknown. The limited amount of experience with
the deployment of NETs at scale is also likely to entail unknown probabilities. In situations of Knightian uncer-
tainty, alternative decision-making approaches can be used, e.g. the ‘minimax’ principle, which states that the
maximum possible loss should be minimized (Trevizan et al., 2007). The application of this principle would most
likely prioritize the abatement of emissions in order to avoid reliance on NETs, which have an unknown prob-
ability of success and could result in a large emissions overshoot and substantially more damaging climate
change (Larkin et al., 2018).

3.3. Non-equivalence of ‘No overshoot’ and ‘Overshoot and removal’

Anovershoot iswhen cumulative emissions and the resulting temperature change exceed a stated target, e.g. the
2°C target of the Paris Agreement (UNFCCC, 2015), and net negative emissions are then required to recapture
emissions and bring temperature change back to below the target level (van Vuuren et al., 2013). A distinct
accounting issue arises when NETs are used to recapture an overshoot in emissions (as opposed to using NETs
to offset remaining emissions (Meadowcroft, 2013)) as the cooling effect of each unit of negative emissions on
the downward slope of the cumulative net emissions curvemay be less than the warming effect of a unit of posi-
tive emissions on the upward slope (Rickels et al., 2019; Zickfeld et al., 2016). This would contradict the common
assumption that emissions and removals are equivalent across time (Goodwin et al., 2015). The accounting issue
which arises is that the possible non-equivalence of warming and cooling caused by overshoot emissions and
recapture removals, respectively, may warrant the use of a correction or discount factor for recapture removals
(Fridahl et al., 2020; Tokarska & Zickfeld, 2015; Torvanger, 2019). This is particularly relevant when comparing the
cost-effectiveness of emissions abatement (i.e. avoiding an overshoot) on the one hand, with removals for
dealing with an overshoot on the other, as their effectiveness in achieving a temperature target is not equivalent
on a per tonne CO2 basis. For example, if the cost of recapture is £200/tCO2, but the effectiveness of recapture is
80% of emissions abatement in terms of achieving a temperature target, then the corrected cost effectiveness of
recapture is $250/tCO2. Applying a discount factor parallels a proposal for ‘global cooling potentials’ to deal with
the non-equivalence ofwarming/cooling causedby emissions/removals of CH4 andN2O (Neubauer &Megonigal,
2015), though in this case removals are more effective at cooling than emissions are effective at warming.2

However, a challenge with adopting a correction approach is determining what the correction factor should
be, particularly because results from different studies are inconclusive (Fridahl et al., 2020). Even if consensus
can be reached on the amount of warming and cooling caused by overshoot emissions and recaptured emis-
sions, a more fundamental accounting problem is that equivalence may be achieved for one climate impact
indicator, e.g. temperature change, but this does not ensure equivalence for other impact indicators, e.g. sea
level rise. This entails that there is no correction factor or overshoot-to-recapture ratio that can achieve

CLIMATE POLICY 705



equivalence across all climate impact indicators. It is important to note that this non-equivalence after an over-
shoot is in addition to non-equivalence of damages during an overshoot period caused by higher temperatures.
A key conclusion for policymakers is that, once perturbed, the Earth system cannot be returned to equivalence
with a no-overshoot scenario, and that NETs later in the century should not be viewed as an equivalent alterna-
tive to emissions abatement and the avoidance of an overshoot.

This difficulty with using single impact indicators underscores Cherubini et al.’s (2016) conclusion that ‘the
use of a single metric… cannot represent the climate system complexity for all possible research and policy
contexts’ (2016, p. 129), and raises broader questions about the development of more sophisticated carbon
accounting metrics for policy-making and decision-support. Ideally, metrics should reflect the end-point
damage that is ultimately the concern of policymakers (Kirschbaum, 2014), but there is often a trade-off
between sophisticated end-point metrics and their uncertainty (Höhne & Blok, 2005; Timma & Parajuli, 2019).

3.4. Accounting and incentives for NETs

A further accounting issue within the NETs literature is how to ensure that carbon accounting rules properly
incentivise NET deployment (Bird et al., 2012; Fajardy et al., 2019; Grönkvist et al., 2006; Kemper, 2015; Lomax
et al., 2015; Peters & Geden, 2017; Reid et al., 2020). In essence, incentives are mediated and determined by
accounting rules (Frieden et al., 2012), and if the accounting rules do not reflect a desired outcome, the
outcomewill not be appropriately incentivised. Moreover, if accounting for the climate benefits of NETs is uncer-
tain, this will itself undermine confidence and investment in NETs (Creutzig et al., 2019; Nemet et al., 2018). As
Torvanger puts it in relation to BECCS, ‘the framework for accounting of CO2 removal from BECCS is decisive
for estimating the volume of negative emissions generated from a project, and also for rewarding the BECCS
project operator(s)’ (2019, p. 331). The issue of designing accounting methods that appropriately incentivise
NETs clearly overlaps with other accounting issues discussed above, e.g. how to quantify the system-wide
change in emissions caused by NETs (3.1), and how to account for non-permanence and uncertainty (3.2).

A prominent example of the misalignment of accounting rules, and therefore incentives, with the desired
outcome (in this case GHG abatement), is national GHG accounting rules for bioenergy (Brack, 2017; Geden
et al., 2018; Haberl et al., 2012; Searchinger et al., 2009). The IPCC guidance for national GHG inventories
(IPCC, 2006, 2019) does not count CO2 emissions from biomass at their point of release, but instead counts
the emissions within the land use sector. A problem with this approach is that it creates an incentive to
import biomass as the importing country can count the point-of-combustion emissions as zero (Bird et al.,
2012), but the exporting country does not necessarily have an incentive to sustainably manage its land-
based carbon stocks, e.g. if the country’s Nationally Determined Contributions do not include the land use
sector. Here the accounting rules create incentives which are not aligned with achieving the desired
outcome, i.e. system-wide net emission reductions. A converse example of misalignment can be given for
BECCS, where the existing accounting rules do not incentivise BECCs even though the technology can, in prin-
ciple, achieve negative emissions (Zakkour et al., 2014).

One, at least partial, solution to this problem would be to adopt what may be termed the reality principle:
that emissions and removals should be counted when and where they actually occur. For example, national
GHG inventories should count CO2 emissions from the combustion of biomass in the energy sector (as that
is when/where the emissions occur), and if the emissions from combustion are captured and stored then
there will be no emissions, and the account will correctly report emissions as zero. Similarly, the sequestration
that occurs as biomass regrows should be counted in the land use sector, at the time that the regrowth occurs
(which would also reflect the timing of the ‘negative’ component of BECCS, see Section 3.5 below). The same
principle is recommended by Rabl et al. (2007) to account for CO2 from biomass within LCA, i.e. ‘that emission
and removal of CO2 be counted explicitly at each stage of the life cycle’ (2007, p. 281). The reality principle
would also go some way to addressing the ‘fundamental error in GHG accounting’ highlighted by Haberl
et al. (2012), i.e. that burning biomass releases CO2 to the atmosphere just like burning fossil fuels.

However, a remaining challengewith any type of attributional accounting is that it does not necessarily reflect
the system-wide change in emissions caused by the deployment of the technology (as discussed in Section 3.1
above). Given that the desired outcome is the system-wide net removal of emissions from the atmosphere, it is
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problematic if the accounting does not alignwith this outcome. This can be illustratedwith BECCS as an example:
woody biomass is a globally traded commodity, and any increase in demand is likely to cause an increase in the
market price, which in turn may cause emissions from indirect land use change if forest owners respond to the
price signal and deforest their land (Harper et al., 2018). This means that the extent to which the biomass that is
directly used comes from a sustainably managed source is largely irrelevant as to whether its use will achieve
system-wide net removals, as demand for sustainably managed biomass can still create harmful market-
mediated indirect effects on emissions. This also undermines the efficacy of sustainability certification
schemes, which have been called for by some commentators (Fajardy et al., 2019). Unless there is also a universal
mechanism such as a global carbon price, then attributional accounting, even with the reality principle, is not
sufficient to ensure that incentives are aligned with the desired outcome.

One solution is to use consequential accounting methods (Section 3.1), which quantify the system-wide
change in emissions caused by an action, and will therefore align with the desired outcome of achieving
system-wide net removals. Consequential accounting could, for example, address the incentive misalignment
identified by Plassmann (2012), which is that attributional product carbon footprints involving net removals
appear to favour low-yield rather than high-yield production systems, since removals are expressed per unit
of output. Consequential accounting would resolve this issue by taking account of induced land use change
elsewhere that would be required to make up for lower yields. There appears to be some recognition of the
need for consequential accounting in Torvanger (2019), with the statement that a ‘sector-based approach
…makes accounting of net negative emissions very difficult, so instead a project-based accounting framework
[which is a form of consequential method] should be considered’ (2019, p. 332). However, a significant chal-
lenge with moving to purely consequential accounting is that attributional accounting, in the form of national
GHG inventories, is an embedded feature of the UNFCCC architecture and is likely to continue to underpin
country-level target setting, and therefore remain a substantial component of the incentive framework for miti-
gation action. A solution that reflects this realpolitik would be to align national GHG inventories as much as
possible with when and where emissions/removals occur (i.e. the reality principle), and separately to use con-
sequential methods to identify and avoid actions that have unintended indirect effects (Brander et al., 2019).

3.5. Accounting for the temporal distribution of emissions/removals

Another distinct accounting issue within the NETs literature relates to the importance of, and also how to
model, the temporal distribution of emissions/removals from the implementation of NETs (Bird et al., 2012;
Fajardy and Mac Dowell, 2017; Gilbert & Sovacool, 2015; Goglio et al., 2020; National Academies of Science
Engineering and Medicine, 2019; Reid et al., 2020; Tanzer & Ramírez, 2019). This issue is also highly policy rel-
evant as governments require technologies that deliver net removals within target timeframes, e.g. by 2050 for
the UK Government’s net zero commitment (UK Parliament, 2019), and technologies that only achieve net
negative emissions decades after implementation, e.g. potentially BECCS or EW, may not align with such time-
frames. The timing for when technologies actually deliver negative emissions is also highly important if there is
non-equivalence between overshoot emissions and recaptured removals (3.3), and the associated damages.

To illustrate the potential difference in the temporal distribution of emissions/removals for different NETs,
Figure 3 compares indicative timelines for BECCS and DACCS, showing emissions and removals, cumulative net
emissions, and the breakeven point at which the implementation of the technology achieves net negative emis-
sions. For BECCS, assuming the marginal system is additional harvesting with replanting, the emission sources
include those frombuilding the facility, harvesting operations, the transportation of biomass, emissions fromcom-
bustion which are not captured as expected capture efficiencies are in the region of 90% (Mantripragada et al.,
2019), and emissions from CO2 capture, compression, transportation and injection into storage. These emissions
create a ‘carbon debt’ which is repaid over time as the forest regrows, but which may take multiple decades
depending on the growth rate (Fajardy andMac Dowell, 2017; Field et al., 2020; Jonker et al., 2014; Lamers & Jun-
ginger, 2013). In comparison, DACCSmay be expected to have a relatively short carbon payback period, primarily
because a high annual rate of removal is achieved as soon as the technology is deployed.

Given that information on the temporal distribution of emissions/removals, and carbon payback periods, is
highly relevant to policy decision-making, carbon accountingmethods are neededwhich provide this information.
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LCA, both attributional and consequential, tends not to provide temporal information (Mcmanus & Taylor, 2015),
although the development of dynamic LCA is intended to address this limitation (Levasseur et al., 2010). An alterna-
tive accounting solution is to use baseline-and-credit methods, such as the GHG Protocol’s Policy and Action Stan-
dard (WRI, 2014), which can explicitly model emissions and removals as a time series (Brander, 2016b, 2017).

3.6. Summary and importance of accounting issues to different NETs

Having discussed five distinct accounting issues related to NETs in the preceding sections it is useful to sum-
marize the key points, and to draw out how some of the issues will be relevant to different types of NETs to
differing degrees. For example, accounting for market-mediated system-wide effects is likely to be highly rel-
evant for AR as any increase in land use for this purpose may cause displacement effects and indirect land use
change. In contrast, DACCS may have limited market-mediated system-wide effects as the technology has
limited land use requirements, and may not interact significantly with other markets (though there may be
some effects via increased demand for electricity). Table 1 provides an overall summary of the accounting chal-
lenges identified in the paper and the solutions proposed, and also provides an initial assessment of the impor-
tance of the different accounting issues to different types of NETs.

Figure 3. Illustration of temporal distribution of emissions/removals for BECCS and DACCS.3
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Table 1. Summary and importance of accounting issues to different NETs.

Type of Negative Emissions Technology

Accounting
Issue Challenges Solutions

Afforestation/
reforestation

Enhanced soil
carbon

sequestration

Enhanced
weathering of

minerals
Ocean

fertilization

Bioenergy with
carbon capture and

storage
Direct air capture

and storage

1. Accounting
for total
system-wide
change in
emissions/
removals

. Deployment of
NETs may
indirectly cause
increased
emissions/
decreased
removals
elsewhere in the
system.

. Change caused
by an
intervention in a
complex
dynamic system
cannot be
directly
observed/
monitored.

. Use consequential
accounting
methods, e.g. GHG
Protocol Policy and
Action Standard,
that consider all
changes in
emissions/removals
caused by
deployment of
NETs.

. Estimate or model
change relative to a
counterfactual
baseline.

High. High
probability of
market-
mediated/
indirect effects
from land use.

High. High
probability of
market-
mediated/
indirect effects
from land use
and/or changes
in productivity.

High. High
probability of
market-
mediated/
indirect effects
from land use
and/or changes
in productivity.

Medium.
Possible
market-
mediated/
indirect effects
if fertilization
affects
commercial fish
stocks.

High. High
probability of
market-
mediated/
indirect effects
from land use.

Low. Low
probability of
market-
mediated/
indirect effects
as limited
displacement of
existing
activities.

2. Non-
permanence
of negative
emissions

. Non-permanence
of individual
stores within
aggregate pools.

. Liability for non-
permanence.

. Uncertainty and
non-
permanence.

. Use aggregate
carbon pool to
measure
permanence.

. Temporary
crediting, buffers,
and insurance.

. Incorporate
quantifiable risk
into assessments of
effectiveness,
calculation of risk
buffers etc.

. Prioritize
technologies that
have relatively
certain net GHG
effects.

High. Non-
permanence
highly relevant.

High. Non-
permanence
highly relevant.

Low. Low risk of
reversals.

High. Non-
permanence
highly relevant.

Low. Low risk of
seepage.

Low. Low risk of
seepage.

(Continued )
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Table 1. Continued.

Type of Negative Emissions Technology

Accounting
Issue Challenges Solutions

Afforestation/
reforestation

Enhanced soil
carbon

sequestration

Enhanced
weathering of

minerals
Ocean

fertilization

Bioenergy with
carbon capture and

storage
Direct air capture

and storage

3. Non-
equivalence
of ‘no
overshoot’
and
‘overshoot
and removal’

. Overshoot
emissions may
be more effective
at warming than
recapture
removals are
effective at
cooling.

. Correction factors or
recapture ratios –
BUT no correction
factor/recapture
ratio can achieve
equivalence across
all impact
categories.

Cross-cutting issue

4. Accounting
for incentives
for NETs

. Current national
inventory
guidelines do not
reflect when and
where emissions
actually occur.

. Lack of incentive
to implement
NETs if
accounting rules
do not reflect net
removals.

. ‘Reality principle’,
i.e. count emissions
and removals when
and where they
actually occur.

. However, any
attributional
accounting method
may reward actions
which do not
achieve system-
wide net removals –
and consequential
methods should be
used as much as
possible.

Low. Removals
reflected in
national GHG
inventory
accounting, and
incentive
mechanisms
currently exist
(e.g. CDM).

Medium. Removals
reflected in
national GHG
inventory
accounting, but
limited
established
incentive
mechanisms (e.g.
voluntary offset
market).

High. Removals
not reflected in
national GHG
inventory
accounting,
and no
established
incentive
mechanisms.

High. Removals
not reflected in
national GHG
inventory
accounting,
and no
established
incentive
mechanisms.

High. Removals not
reflected in
national GHG
inventory
accounting, and
no established
incentive
mechanisms. Also
issue of cross-
border trade.

High. Removals
not reflected in
national GHG
inventory
accounting, and
no established
incentive
mechanisms.
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5. Accounting
for the
temporal
distribution
of emissions/
removals

. NETs may incur
‘carbon debt’ and
have different
carbon payback
periods.

. Non-dynamic
LCA
(attributional and
consequential)
does not provide
information on
timing of
emissions.

. ‘Reality principle’,
i.e. count emissions
and removals when
and where they
occur.

. Use a baseline-and-
credit method,
which explicitly
models the
temporal
distribution of
emissions and
removals, e.g. the
GHG Protocol Policy
and Action
Standard.

High. Removals
occur over
multi-decadal
timescale.

Low-High.
Timescale varies,
depending on
the intervention.

High. Removals
occur over
multi-decadal
timescale.

Low? Removals
occur rapidly,
<1 year.

High. Timescale
varies depending
on feedstock.
Removals occur
over multi-
decadal timescale
for woody
biomass.

Low. Removals
occur rapidly, <1
year.

Note: High = issue is highly relevant to NET; Medium =medium relevance; Low = low relevance; Cross-cutting issue = equally relevant to all NETs.
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4. Conclusions

Although it is widely acknowledged that carbon accounting is essential for appraising and incentivising NETs,
the range of different accounting issues does not appear to be well recognized, and there does not appear to be
a clear appreciation of the extent to which different accounting issues are problematic for different technol-
ogies. This paper aims to advance carbon accounting practice and policy-making related to NETs by identifying
and articulating the distinct but often interconnected accounting issues in this area, and by proposing solutions
to the identified challenges.

Although this paper discusses five key accounting issues in depth, it is important to note that there are a
number of other issues that could also be considered within the remit of accounting, and should be explored
in future research, e.g.: how to allocate responsibility for dealing with an overshoot (Bednar et al., 2019; McMul-
lin et al., 2020); how to account for tipping points within overshoot scenarios (Lomax et al., 2015; RS-RAEng,
2018); the effect of economic discounting on policy-making for NETs (Anderson & Peters, 2016; Bednar et al.,
2019; Obersteiner et al., 2018); accountability for the size of overshoot when long-term temperature change
targets are used (Geden & Löschel, 2017); quantifying the scalability of NETs (Anderson & Peters, 2016;
Fajardy et al., 2019; Larkin et al., 2018; Nemet et al., 2018); separating targets and markets for emission
reductions and removals (McLaren et al., 2019); and broader governance, equity and accountability issues
(Anderson & Peters, 2016; Carton, 2019; Colvin et al., 2020; McLaren, 2012b; Talberg et al., 2018). Parts of the
discussion presented in this paper will be relevant to many of these issues, but these issues deserve their
own analysis and should be considered as topics for further attention.

An overarching point from the analysis above is that, if the purpose is to inform decisions on the deployment
or incentivisation of NETs, then the methods used should account for system-wide change, permanence, uncer-
tainty, the potential non-equivalence of emissions and removals in an ‘overshoot-and-recapture’ scenario, and
the reality of where and when emissions/removals occur. Consequential methods, especially baseline-and-
credit type methods such as the GHG Protocol’s Policy and Action Standard, are largely suited to these require-
ments. Attributional methods may be appropriate for other purposes, such as constructing static descriptions of
possible net zero worlds, as they give the emissions/removals associated with the processes inherently used in
the life cycle of a technology, and the results are additive to global totals. A key concluding point is that it is
essential to use the correct accounting method for its appropriate purpose.

Notes

1. A related issue is the efficiency (or cost-effectiveness) of different NETs, i.e. $/net tCO2 removed (with net change in emis-
sions/removals providing the denominator in the metric), which has also been a central topic within the literature
(McLaren, 2012a; Smith et al., 2016; Bhave et al., 2017; Alcalde, Smith, et al., 2018). For example, McLaren (2012a) reports
cost effectiveness figures of between $8/tCO2 and $600/tCO2 for different NETs, while Smith et al. (2016) report figures equiv-
alent to between $24tCO2 and $567tCO2.

2. A further accounting issue related to non-CO2 GHGs that is not prominent within the literature identified, but nevertheless
appears to be a highly important for some types of NET, is how to compare emissions and removals of different GHGs. Neu-
bauer and Megonigal (2015) suggest that the use of GWPs is not appropriate for ecosystem-based NETs as the emissions and
removals are sustained fluxes rather than single pulses, and pulse-based GWPs may underestimate the radiative forcing of
CH4 and N2O by as much as 40%. Cain et al. (2019) also consider how the calculation of CO2 equivalence for CH4 might
be improved with a method equating a change in the emission rate of a short-lived climate pollutant as equivalent to a
single emissions pulse of a long-lived pollutant.

3. The two illustrative charts are not completely equivalent as, for simplicity, the chart for BECCS shows a single instance of
harvesting, combustion, capture, storage and regrowth (rather than overlaying on-going instances of these activities),
while the chart for DACCS shows on-going removals and operational emissions over the lifetime of a DACCS facility.
However, the illustrative comparison of carbon payback periods remains valid. If ongoing instances of the BECCS activities
were included, the payback period would be longer (i.e. extend further to the right).
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