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Systematic assessment of the achieved
emission reductions of carbon crediting
projects

Benedict S. Probst 1,2,3 , Malte Toetzke 1,4, Andreas Kontoleon 3,
Laura Díaz Anadón 3,5, Jan C. Minx 6,7, Barbara K. Haya 8,
Lambert Schneider 9, Philipp A. Trotter10,11, Thales A. P. West 3,12,
Annelise Gill-Wiehl 13 & Volker H. Hoffmann 2

Carbon markets play an important role in firms’ and governments’ climate
strategies. Carbon crediting mechanisms allow project developers to earn
carbon credits through mitigation projects. Several studies have raised con-
cerns about environmental integrity, though a systematic evaluation is miss-
ing. We synthesized studies relying on experimental or rigorous observational
methods, covering 14 studies on 2346 carbon mitigation projects and 51 stu-
dies investigating similar field interventions implemented without issuing
carbon credits. The analysis covers one-fifth of the credit volume issued to
date, almost 1 billion tons ofCO2e.Weestimate that less than 16%of the carbon
credits issued to the investigated projects constitute real emission reductions,
with 11% for cookstoves, 16% for SF6 destruction, 25% for avoided deforesta-
tion, 68% for HFC-23 abatement, and no statistically significant emission
reductions from wind power and improved forest management projects.
Carbon crediting mechanisms need to be reformed fundamentally to mean-
ingfully contribute to climate change mitigation.

Carbon pricing has become a central approach to mitigating climate
change, though the operationalisation and geographic scope vary
considerably1. Carbon pricing has taken three approaches: emissions
trading schemes (ETS), carbon taxes andcarbon creditingmechanisms.
Carbon crediting mechanisms—the focus of this study—allow project
developers to earn carbon credits through voluntary mitigation pro-
jects such as forest protection or renewable energy projects. These
carbon crediting mechanisms are established and operated by inter-
national organisations, such as the Clean Development Mechanism

(CDM) and Joint Implementation (JI) established under the Kyoto
Protocol2,3, national or sub-national governments, such as California’s
Compliance Offset Program4,5, and non-governmental entities, such as
Verra and theGold Standard Foundation1,6–9. Carbon credits are used in
different ways: in compliancemarkets4, countries and firms buy credits
to meet targets under the Kyoto Protocol and Paris Agreement or to
meet obligations under ETSs, carbon taxes, or the Carbon Offsetting
and Reduction Scheme for International Aviation (CORSIA). In volun-
tary markets, governments, firms, non-governmental organisations or
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individuals buy carbon credits to meet voluntary goals, such as off-
setting residual emissions. Other forms of results-based finance also
create demand for carbon credits, in which governments and interna-
tional organisations purchase carbon credits from mitigation projects
that countries implement to achieve their goals under the Paris
Agreement1.

To assess the climate benefits of carbon mitigation projects, it
must be verifiedwhether projects are additional andwhether emission
reductions or removals have been conservatively quantified, perma-
nent, and not double counted. Additionality refers to the principle that
a mitigation activity would not have occurred without the revenue
from the sale of carbon credits7,10–12. Conservative quantification refers
to approaches that reasonably ensure that emission reductions or
removals are not overestimated10,11. Non-permanence refers to the risk
that the emission reductions or removals be reversed later on, for
example through wildfires in forestry projects10,11,13. Lastly, double
countingmeans an emission reduction or removal should be used only
once to achieve a mitigation goal or target10,11,14. Next to these basic
principles, several other aspects are commonly considered important
for quality. This includes avoiding negative environmental and social
impacts, such as impacts on biodiversity and local communities;
appropriate distribution of mitigation benefits and carbon credit rev-
enues; ensuring that carbon mitigation projects effectively contribute
to achieving net zero emissions by mid-century and avoiding locking-
in carbon-intensive technologies or practices; and adequate govern-
ance structures of carbon crediting programmes, including concern-
ing transparency and third-party auditing3,6,9–11,15.

Yet, carbon credits have come under considerable criticism
due to growing evidence suggesting that many projects may sig-
nificantly overestimate their emissions benefits or might not lead to
actual emission reductions at all2–9,15–22 and that some projects lead to
environmental or social harm9. Carbon credits are issued based on
standards developed by carbon crediting mechanisms. The quality of
carbon credits hinges on the robustness of these standards and choi-
ces made by project developers. Potential issues compromising addi-
tionality and quantification include flexibility for project developers to
pick favourable data or make unrealistic assumptions2,3,6,8,9,23, adverse
selection4,13, anduseof outdateddata or inappropriatemethodological
approaches in the standards2,3,6,9,11,15,16,24,25. There is also considerable
debate on the appropriateness of claims made in association with
carbon credits and whether the use of carbon credits hinders or
accelerates mitigation efforts.

In this paper, we focus our analysis on the two most basic prin-
ciples of carbon credit quality: additionality and conservative quanti-
fication. More than a dozen studies have assessed the quantity of
emission reductions that carbon mitigation projects likely achieved
relative to the carbon credits issued, which we denote as the ‘offset
achievement ratio’ (OAR, see Methods). While not all carbon credits
are used for offsetting emissions, the private sector has become the
largest source of demand for carbon credits1, principally for offsetting.
We complement studies that directly evaluated carbon crediting pro-
jects with studies that evaluated similar interventions without issuing
carbon credits (which we call ‘field interventions’). To search and
synthesise the extant literature we rely on a conventional systematic
review methodology26, specifically the Population-Intervention-
Comparator-Outcome (PICO) framework. We only include academic
studies in our assessment that quantify the likely achieved emission
reductions relying on experimental or rigorous observational studies
(see Supplementary Table 1 for detailed inclusion and exclusion
criteria).

We proceed with the following steps: First, we defined keywords
to identify potentially relevant scientific studies across all project types
listed in Table 1. Second, we used the artificial intelligence-supported
systematic review tool Active Learning for Systematic Reviews (AS
Review)27 to filter for relevant studies among 64,993 studies identified

in the first step (Supplementary Fig. 1 and Supplementary
Tables 2 and 3 for search terms). Third, wefilled in studies that artificial
intelligencemissed from our own previous work and additional article
searches. Fourth, we downloaded the full text of the studies and then
manually checked their relevance based on our inclusion and exclu-
sion criteria (see Supplementary Tables 4 and 5 for included studies).
Fifth, two researchers independently extracted quantitative estimates
of the achieved emission reductions from the studies and other rele-
vant aspects of the studydetailed inourCodebook (which ispart of the
supplementary data). Lastly, we computed the OAR by either directly
using the estimates from the article (if the study reported the likely
achieved emission reductions and the volume of issued credits) or by
deriving the likely achieved emission reductions from the underlying
data from collected data on issued credit volumes for the analysed
projects, and/or by combining estimates from multiple studies (see
Methods). Overall, our sample contains 14 studies evaluating 2346
carbon mitigation projects and 51 studies investigating similar field
interventions implemented without issuing carbon credits. These
51 studies contain evaluations of projects that did not issue carbon
credits but are similar to carbon credit projects (e.g. evaluation of
cookstove projects). We discuss these studies qualitatively to com-
plement our discussion in the section ‘reasons behind lowOARs across
project types.’

We synthesise the existing literature relying on experimental or
rigorous observational methods, covering 14 studies on 2346 carbon
mitigation projects and 51 studies investigating similar field interven-
tions implemented without issuing carbon credits. Our analysis covers
about one-fifth of the credit volume issued to date, almost 1 billion
tons.We estimate that less than 16% of the carbon credits issued to the
investigated projects constitute real emission reductions, though the
OAR varies considerably across projects. Our assessment, therefore,
documents substantial and systemic quality problems across project
types. These quality problems stem from adverse selection, the ability
of project developers to make unrealistic assumptions or pick
favourable data and inappropriate methodological approaches. Car-
bon crediting mechanisms need to be reformed fundamentally to
meaningfully contribute to climate change mitigation.

Results and discussion
Carbon mitigation projects and field interventions
To calculate OARs, we prioritised our search terms to cover the largest
project types issuing credits through independent mechanisms and
the Kyoto Protocol’s CDM and JI (Table 1 and Supplementary
Tables 2 and 3).

Credit issuance is concentrated among the Kyoto Protocol’s cred-
iting mechanisms as well as several governmental, private, and non-
governmental mechanisms (which we collectively refer to as ‘indepen-
dentmechanisms’) (Fig. 1a) and a few sectors (Fig. 1b). The CDM and the
JIMechanismhave jointly issued63%of credits (3.3 gigatons)3,28,whereas
independent mechanisms are responsible for 37% of issued credits (1.9
gigatons)29. Credits from chemical processes as well as industrial man-
ufacturing projects were mainly issued under the Kyoto mechanisms,
whereas credits from forestry and land use, as well as household and
community projects, were mainly issued under independent mechan-
isms. Projects from renewable energy constitute 29% of the issued
credits across thesecreditingmechanisms. Industrialmanufacturingand
chemical processes and account for 24% and 22%, respectively. Forestry
and land use account for 15%, whereas waste management and house-
hold and community account for 5% and 3%, respectively. Domestic
crediting mechanisms are excluded from this overview as these only
constitute a minor fraction of issued credits1. Figure 1 displays historical
averages and, therefore, current issuance volumes might differ.

Drawing upon the typologies of the Berkeley Carbon Trading
Project30, the CDM28, UNEP DTU31 and the Carbon Credit Quality
Initiative11, we classify each of the 65 studies in our assessment into
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one of seven sectors and one of the 21 project types listed in Table 1.
We differentiate between studies investigating carbon crediting
projects and studies investigating similar field interventions that
were implemented without issuing carbon credits (which we refer to
asfield interventions).We found 14 studies investigating 2346 carbon
crediting projects across six project types (Fig. 2a; please note that
the sector forestry and chemical processes contain two project types,
respectively) and 51 studies investigating field interventions without
issuing credits with a total of 1.2 million observations (Fig. 2b). For
the other three sectors (waste management, industrial manufactur-
ing and carbon capture and storage), we could not find any studies
investigating field interventions and carbon crediting projects that
matched our inclusion criteria (see Supplementary Table 1). Overall,
we find the strongest concentration of carbon project evaluations in
the forestry sector, with equal distribution across the other sec-
tors (Fig. 2a).

Studies on carbon credit projects are generally split between
different geographies (Fig. 2c); Africa is an exception, with no studies
focused solely on the continent but covered in three studies that
evaluate multiple geographies. Similarly, most field interventions

focus on forestry mainly in Latin America, as most forestry projects
have been implemented in the Amazon region (Fig. 2d). Overall, stu-
dies of both carbon-crediting projects and field interventions available
in the literature mainly rely on rigorous observational studies
(Fig. 2e, f). In contrast to randomised controlled trials (RCTs) (inwhich
the experimenter assigns treatment)17, rigorous observational studies
build a plausible control group to estimate project impacts8. Only 9 of
65 studies were based on RCTs (mainly evaluating the impact of fuel-
efficient cookstoves, with one study in forestry32).

The offset achievement ratio across project types
Carbon project developers quantify emission reductions in line with
standards and methodologies developed by carbon crediting
mechanisms such as the Verified Carbon Standard by Verra. Following
an audit by an accepted third party, carbon credits are issued into a
registry8. Yet, these standards and methodologies vary in their
robustness andoften allow for activities to be credited thatwouldhave
happened regardless of the offset programme2,23, and provide flex-
ibility to project developers to select methodological approaches and
data thatmaximise credit issuance6,9. It is, therefore, critical to contrast

Table 1 | Main sectors and project types of carbon crediting projects covered by our search terms

Forestry and land use

Avoided deforestation Activities designed to reduce deforestation. They are often based on a range of strategies such as improved
monitoring, law enforcement and promotion of sustainable land-use practices

Improved forest management (IFM) Applying practices which increase above and below-ground carbon stocks relative to the baseline, including by
reducing timber harvest levels, extending timber harvest rotations, designating reserves, reduced impact log-
ging, enrichment planting and stand irrigation or fertilisation

Afforestation and reforestation Planting trees or reducing barriers to natural regeneration

Renewable energy

Wind Installing grid-connected wind power plants, replacing fossil-fuel-based electricity generation

Hydropower Installing grid-connected hydroelectric power plants, replacing fossil-fuel-based electricity generation

Solar Installing grid-connected solar power plants, replacing fossil-fuel-based electricity generation

Biomass Installing biomass-fired power plants, including cogeneration plants, replacing fossil-fuel-based electricity
generation

Waste management

Landfill methane Combustion of gas collected from solid waste disposal sites

Wastewater Installation of less greenhouse-intensive wastewater treatment methods

Chemical processes

N2O destruction in nitric acid production Installing abatement measures to reduce N2O emissions from nitric acid plants

N2O destruction in adipic acid productiona Installing abatement measures to reduce N2O emissions from adipic acid plants

Hydrofluorocarbon (HFC)−23 destruction Capturing and destroying HFC-23 produced as a waste gas from HCFC-22 production

Sulphur hexafluoride (SF6) replacement and other Avoiding SF6 emissions by partial or full replacement of SF6 cover gas with alternate cover gases, gas recycling
or leak reduction

SF6 waste gas destruction Capturing and destroying SF6 waste gas streams in SF6 production

Household and community

Cookstoves Distributing efficient cookstoves to households or institutions, reducing greenhouse gas (GHG) emissions by
using less fuel, burning fuel more completely and/or switching to a less GHG-intensive fuel

Industrial manufacturing

Mine methane capture Flaring or combustion of gas captured from active and abandoned coal and other mines

Natural gas electricity generation Installing new natural gas-fired grid-connected electricity generation plants, replacing fossil fuel-based elec-
tricity generation

Associate gas recoverya Avoid flaring of associated gas in oil and gas production

Energy efficiencya Improvement of energy efficiency in industry such as recovery and utilisation of waste heat

Avoiding uncontrolled fires from coal waste pilesa Avoiding GHG emissions from uncontrolled fires from coal waste piles, e.g. by extracting coal from the piles,
leaving bare rock which does not ignite, or extinguishing the fires

Carbon capture and storage

Carbon capture and enhanced oil recovery Capturing carbon dioxide from industrial processes followed by compression, transport and injection for per-
manent storage underground while also enhancing oil recovery

Based on the classification from the Berkeley Carbon Trading Project30, the Clean Development Mechanism (CDM)28, the Danish Technical University and United Nations Environment Programme
(UNEP DTU)31, and the Carbon Credit Quality Initiative (CCQI)11.
aPlease note that these project categories did not have specific search terms but were covered by the generic search terms (see Supplementary Tables 2 and 3, under ‘generic’).
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the emission reduction estimates used to determine credit issuance to
those achieved based on rigorous academic assessments.

We introduce the term ‘offset achievement ratio’, which compares
studies’ quantitative estimates of carbon crediting projects’ emission
reductions with thosemade by project developers to generate carbon
credits. AnOARof 50% indicates that the academic literature estimates
that only half of the emission reductions claimed by project devel-
opers—and issued as carbon credits—were likely achieved. We com-
plement these quantitative estimates with qualitative discussion of
other studies including other qualitative and quantitative studies of
the quality of offset methodologies and studies that assess field
interventions that did not issue carbon credits but may still hold
important insights on additionality, conservative quantification, or
other relevant factors.

To quantify the OAR, we rely on academic studies that evaluate
voluntary, project-based activities that seek to reduce emissions or
enhance removals (see Supplementary Table 1 for inclusion and
exclusion criteria). We excluded studies that evaluate non-voluntary
activities such as mandatory regulations or non-project-based

activities (e.g. other forms of carbon pricing such as carbon taxes). We
focus on studies that evaluate project impact against a credible com-
parator. This comparator can include projects, land, or households
that were not part of the carbon crediting projects4,5,7,8,17,21; this can
include historical data of the same project before it became a carbon
crediting project15,16. The comparator can also be values from the sci-
entific literature6. For example, some studies compare individual fac-
tors used by carbon crediting projects, such as the share of users that
adopt a fuel-efficient cookstove, against the body of knowledge in the
published literature6. Studies must also include a quantitative assess-
ment of greenhouse gas emission changes or a comparable environ-
mental metric, such as deforestation rates7,8. Lastly, we only include
studies that use RCTs or rigorous observational data (which construct
a plausible control group8 or science-based comparator6 to estimate
project impacts). The included studies fall into several categories:
peer-reviewed articles17, papers aimed at peer-reviewed journals (e.g.
working papers)18 and chapters in PhD theses19, which also undergo an
academic examination process. We exclude qualitative studies from
our quantitative assessment.

Our assessment considers additionality and conservative quantifi-
cation in determining the OAR. The latter encompasses project, base-
line and leakage emissions. Figure 3 illustrates which of these issues
have been addressed by the 14 studies on carbon crediting projects that
were considered in determining the OAR. Not all studies address all
factors that affect a particular source of over-crediting. For instance,
Aung et al.17 studied the impact of fuel-efficient cookstoves on firewood
usage in households that received the stove and those that did not (i.e.
project and baseline emissions). However, the authors do not address
other over-crediting factors related to the project emissions and base-
line, such as the fraction of non-renewable biomass used to compute
credit issuance. In contrast, Gill-Wiehl et al.6 cover all relevant factors
relating to over-crediting from baseline and project emissions.

Offset achievement ratio across project types
Overall, we find that carbon-crediting projects achieved considerably
lower emission reductions than the number of credits issued to the
projects (Fig. 4). We find the lowest OARs in wind power in China and
improved forest management (IFM) in the United States, for which
no statistically significant emission reductions were documented in
the studies (we, therefore, assume an OAR-value of 0% for these
projects; see Eq. (1) in the Methods section, as well as Supplementary
Table 6 detailing the exact numbers used to calculate the OAR across
and within project types). These project types are followed by
cookstoves (10.8%), SF6 destruction (16.4%), avoided deforestation
(24.7%), and HFC-23 destruction (68.3%) (Fig. 4a). Project-level
results (Fig. 4b) show that individual projects may (over-) deliver
relative to the issued credits, but the vast majority underachieves
relative to the volume of issued credits. For our estimates in
Fig. 4a, b, we use the central estimates from the studies. The source
data are provided in this paper.

The offset achievement gap
The studies in our assessment cover projects that are responsible for
19% of carbon credits issued across the main international and inde-
pendent carbon crediting mechanisms (Fig. 5a). Using the OAR esti-
mates, we find that of the 972million credits issued across the covered
project types, 812 million likely do not constitute real emission
reductions (Fig. 5b). This offset achievement gap is larger than Ger-
many’s annual emissions. The largest source of non-achieved credits
stems from avoided deforestation, wind power and IFM (Fig. 5c). Note
that we only include credits frommethodologies and projects that are
covered by the underlying studies. For instance, we only include
credits from Chinese wind power plants under the CDM19 or IFM pro-
jects that use California’s Air Resources Board protocol4,5. For avoided
deforestation7,8,21 and cookstoves6,17, we apply the OAR to all credits

Fig. 1 | Overview of total issuance and relative share of sectors across all major
crediting mechanisms. a Total issuance in gigatons CO2 across the Kyoto Proto-
col’s two project-based mechanisms (Clean Development Mechanism and Joint
Implementation) and the four major independent mechanisms covered by the
Berkeley Carbon Trading Project Database29 (American Carbon Registry (ACR),
Climate Action Reserve (CAR), Gold Standard (GS) and Verified Carbon Standard
(VCS)).b Total issuance in % across different sectors under Kyoto and independent
mechanisms. Data is based on Clean Development Mechanism’s (CDM) database
for PAs and PoAs28, the United Nations Environment Programme (UNEP) RISOE
database3 for JI and the Berkeley Carbon Trading Project Database v929. Other
crediting mechanisms are excluded as they only constitute a minor share of issued
credits1. The sector ‘other’ contains carbon capture and storage, agriculture and
transportation.
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issued to the project types using the studied methodologies, as the
underlying studies cover a representative sample of projects.

Reasons behind low offset achievement ratios across
project types
Overall, our assessment indicates that the total achieved emission
reductions of the carbon crediting projects for which evidence is
available are substantially lower than claimed. We discuss potential
sources behind the offset achievement gap across the analysed pro-
ject types.

Improved forest management (IFM)
Two studies4,5 investigating 106 IFM projects did not find statistically
significant reductions in carbon emissions and removals from IFM

activities under the ARB protocol. These studies focus on project
emissions and baselines. IFM projects involve forest management
practices that increase carbon in forests and/or reduce carbon loss in
forests. While IFM activities can include extending harvest rotations,
reduced impact logging, liberation thinning and converting logged
forests into conservation forests, most IFM projects mainly generate
credits fromavoiding forest degradation. Globally, over three-quarters
of carbon credits from IFM projects were issued under the California
Air Resources Board’s US Forest Projects Protocol29, and the protocol
has been the focus of the two studies of the quality of IFM carbon
credits included in our assessment.

Stapp et al.4 analysed 90 IFM projects and overall found no sta-
tistically significant evidence of additionality across the United States
over thefirst 5 years of the projectswhen comparedwith control lands.

Fig. 2 | Overview of studies in the systematic assessment. a/b Distribution of
studies across project types, (c/d) across regions and (e/f) methodology types.
Note: k refers to the number in thousands, and m refers to the number in millions.
See Supplementary Tables 4 and 5 for a full list of studies. Note: IFM refers to
improved forest management. If the same project was evaluated by multiple

studies, we count each as a separate project evaluation as the time frame, metho-
dology and other relevant factors might differ. The total project number includes
studies that could not be integrated into our quantitative framework (e.g. ref. 18)
but are still discussed in the relevant sections.
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The authors document heterogeneous impacts across sub-groups.
They observe reduced harvests for land owned by timberland invest-
mentmanagement organisations and real estate investment trusts but
increased harvesting from other groups. Overall, the positive and
negative effects on harvesting balance out across the study sample.
The study explains this lack of impact as adverse selection. The base-
line is often set as the average carbon per hectare for the forest type in
the region of the project. The study finds that lands enroled into car-
bon crediting projects already had lower rates of harvest over decades
before the start of the carbon crediting project compared to the
average lands used to set the baseline. Hence, these projects were able
to accumulate carbon compared to the baseline before the project
started and then generate credits against an average baseline without
needing to change how the forests were being managed.

Using a comparable approach, Coffield et al.5 also find no evi-
dence of additionality from 16 ARB IFM projects in California. The
study found no statistically significant evidence of increased carbon
accumulation after project initiation compared to similar control
areas. Similarly, it found no evidence of reduced harvesting compared
to past harvesting rates in the project areas and compared to har-
vesting rates of similar control areas. Lastly, while Badgley et al.33 (72
projects analysed) could not be integrated into our quantitative
assessment, the authors also document systematic over-crediting in
California’s carbon offset programme due to adverse selection.

Other studies of ARB IFM projects have found additional sources
of over-crediting, suggesting that even if some projects changed their
forest management practices, the emission reductions or removals
would still likely be overestimated due to methods for assessing
leakage25 and for quantifying reversal risk and associated contribution
of credits into the insurance buffer pool13. No studies to date have
conducted quantitative assessments of the quality of credits under
other IFM protocols. However, similar issues of lenient baselines, low
leakage deductions and lowdeductions for reversal risk into the buffer
pool have been documented for most protocols24.

Wind power
Two studies18,19 investigated 1966 wind power projects registered
under the CDM in India and China. These studies only investigate the
additionality of these projects. Globally, around half of credits from
wind power projects were issued under the CDM, 63% of which were
generated in China. We use only the data by Chan and Huenteler19 to
estimate the OAR of wind power projects, because ref. 18 only identify
the most obvious cases of non-additionality but provide no central
additionality estimates for all projects.

Chan and Huenteler19 investigated the additionality of 2051 wind
projects, of which 1494 were financed in China under the CDM
between 2007 and 2012. They found no statistically significant evi-
dence that projects that received funding from the CDM were less

Fig. 3 | Sources of under/over-crediting analysed by carbon crediting studies
covered in our assessment. The name of the authors shows the study, which
analysed the specific source of over/under-crediting, otherwise, the box indicates
‘No’. The figure excludes several studies that analyse offset quality, namely Calel
et al.18 Badgley et al.33 Holm et al.20 and Bomfim et al.45, because they could not be
integrated into our quantitative assessment framework, but the findings are

reviewed in the discussion section. Reasons for exclusion for each of these studies
canbe found inSupplementaryTable7.Only thefirst author’s name is showndue to
space constraints. Note that the figure does not cover the field interventions as
these did not issue carbon credits and, therefore, could not be integrated into our
quantitative framework. IFM refers to Improved Forest Management.
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financially viable than those constructed without support. However,
they show that projects under the CDM used more foreign technolo-
gies and larger wind turbines, potentially increasing technology
transfer. In addition, they document a small positive effect on CDM
projects being sited in previously undeveloped areas. Yet, these posi-
tive effects can only be ascribed to CDM financing if projects were
additional, which appears not to be the case.

Calel et al.18 investigate the additionality of 1350wind projects in
India, of which 472 were financed under the CDM between 2000 and
2013. They developed a new conceptual framework called Blatantly
Infra-marginal Projects, which identifies particularly obvious cases of

non-additionality. The approach allows the authors to identify pro-
jects that were less financially attractive but were built even without
selling carbon credits. For around half of these projects, they iden-
tified that these projects had lower capacity factors, were in less
windy locations and were sited further away from electrical substa-
tions, and hence, overall, likely to be less financially attractive than
the CDM projects.

The authors indicate that low additionality is likely due to the
capital intensity of this project type. Utility-scale renewable energy
projects require high up-front investments and a secure cash flow to
secure funding from banks and investors34. As revenue streams from

Fig. 4 | Estimated offset achievement ratio of carbon crediting projects.
a Estimated offset achievement ratio for project types for which we found relevant
studies. b Project-level estimates extracted from relevant studies for individual
projects. Only the first authors are mentioned in the study section for visualisation
purposes. Two studies excluded that only showed upper-bound estimates refs.
18,35 and two studies that could not be integrated into the framework20,45; see
Supplementary Table 7 for detailed exclusion reasons. Estimated average offset
achievement ratios in (a) are the weighted average of projects’ OAR based on the
issued credits (i.e. projects that issuedmore credits areweightedmore). Eachdot in

(b) represents one project-level OAR, with the colours corresponding to the
underlying studies. Confidence intervals in (a) are the weighted variance (by credit
issuance) based on the individual estimates in (b), whereas the centre of the error
bar represents the weighted average for each project type. The exact issued credits
and theOAR for each project canbe found in the supplementarydata. ACR refers to
the American Carbon Registry, CAR to Climate Action Reserve, CDM to Clean
DevelopmentMechanism, VCS toVoluntaryCarbon Standard,GS toGold Standard,
JI to Joint Implementation and IFM to Improved Forest Management.
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selling carbon credits are often low compared to revenues from elec-
tricity sales and carbon credit prices may fluctuate substantially, as in
the CDM, revenues generated by carbon credits are unlikely to affect
thefinancial viability of renewable energyprojects substantially19,23.We
donot assess small-scale projects, such asoff-grid energy, due to a lack
of studies.

Cookstoves
Information from two studies6,17 investigating 52 projects was used to
estimate an average OAR of 10.8% (Supplementary Table 6 explains
howwepost-process and synthesise the results from these studies; this
is the weighted average across projects covered by studies). Aung
et al.11 assess project and baseline emissions for one CDM project. Gill-
Wiehl et al.6 analysed 51 projects (40% of all issued credits across
independent crediting mechanisms from five key methodologies) and
assessed all relevant factors (apart from additionality and leakage) in
the quantification of emission reductions, including fraction of non-
renewable biomass, adoption/usage rates, and emission factors.

Distributing fuel-efficient cookstoves seeks to reduce greenhouse gas
emissions by subsidising households in low- and middle-income
countries to switch to a less GHG-intensive fuel or a more energy-
efficient stove. Most cookstove projects are registered under the Gold
Standard (GS), the VCS or the CDM and rely on GS and CDM6

methodologies.
Aung et al.17 ran an RCT to evaluate the climate impacts of one

CDM-approved stove replacement project in India. The author team
randomly assigned 187 households to either receive a fuel-efficient
replacement (96 households) for their traditional stove or to serve as a
control group. Overall, Aung et al. find no statistically significant
impact on fuelwood usage between the intervention and control
groups (hence, we assume anOAR of 0%). They document that 40% of
households that received the fuel-efficient stove continued using the
traditional stove. They hypothesise that the lack of reductions might
also be due to households cooking larger meals with the improved
stoves (‘rebound effect’), thereby eliminating any efficiency-based
reductions in fuelwood consumption.

Fig. 5 | Estimated offset achievement. a Credits covered in our analysis relative to
the total volume of issued credits based on sources from Fig. 1a. b Estimated
achieved vs non-achieved emission reductions across covered projects based on

percentage estimates from Fig. 4a. c Disaggregated shares of estimated achieved
and non-achieved emission reductions across covered projects. IFM refers to
improved forest management.
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While Aung et al. only analysed one project, Gill-Wiehl et al.17

assessed the overall quality of a substantial portion of cookstove
credits on the voluntary carbon market, covering 51 projects, five key
cookstove methodologies and a comprehensive set of factors. The
authors recalculate the likely emission reductions of these analysed
cookstove projects by scrutinising key methodological assumptions
made to issue credits. Overall, the authors find that the project sample
likely only achieved 10.9% of the claimed emission reductions, though
there is a large variation between methodologies (please note that the
OAR of 10.8% calculated for the overall project type is the weighted
averageby issued credits from refs. 6,17). For instance, Gold Standard’s
Metered methodology35, which assesses fuel use directly, features the
lowest over-crediting risks of all methodologies.

Hence, while efficient cookstoves have been found to offer con-
siderable sustainable development benefits, the literature suggests
that their low carbon credit quality is due to a lack of rigour and
flexibility in how methodologies allow projects to (1) determine the
fraction of non-renewable sources of fuelwood and other biomass
(fNRB), (2) assess actual use of the new and old stoves and (3) translate
these values into changes in fuel consumption. Only Gold Standard’s
Metered methodology accurately assesses stove use and fuel con-
sumption by directly metering stove or fuel use. All other methodol-
ogies usemethods with known biases or inaccuracies. To some extent,
all use infrequent and simple surveys, which are vulnerable to bias
when respondents give answers they believe the project developer
wishes to hear36. Kitchen performance tests can have similar biases,
when stove users change their behaviour when they are observed.
Some methodologies also use stove efficiency ratings determined in
laboratory settings that can be artificial and inapplicable to real-world
conditions.

In addition, numerous other studies have evaluated one or a few
factors in the emission reduction calculation and compared them to
carbon crediting projects ormethodologies’ approaches, finding over-
crediting from the choice of fNRB37 and methods to track adoption/
usage rates38 and under-crediting from emission factors39. Rigorous
evaluations of field interventions have found substantial variation in
the achieved emission reductions40–44, which are rarely on par with the
levels claimed by carbon crediting projects6. Studies investigating the
additionality and leakage of cookstove projects are still nascent in the
literature but analysing these factors would be important to fully
assess the achieved emission reductions6.

Avoided deforestation
Three studies7,8,21 investigating 48 projects that seek to avoid defor-
estation were used to estimate an average OAR of 24.7% (see Supple-
mentary Table 6 for description). For 26 projects, two independent
estimates exist on their OAR (Fig. 6). Projects that seek to avoid
deforestation employ various approaches, mostly to protect rain-
forests in the Global South, such as improved monitoring and control
of deforestation in the areas and encouraging sustainable land uses7.
All projects covered by our assessment that seek to avoid deforesta-
tion are registered under one of several VCS methodologies (e.g.
VM0015, VM0007).

West et al.7,8 investigated 36 projects (of which 32 projects con-
tained sufficient data for analysis) across multiple jurisdictions and
found an overall achievement ratio of 8.2%. The authors argue that a
central reason for the low achievement ratio is the inherently flawed
methodological frameworks used to calculate credit issuance. Speci-
fically, project developers use deforestation baselines informed by
historical trends in chosen reference areas defined at the outset of the
project, which often result in unrealistic scenarios7–9. West et al.7,8

recalculate the achieved emission reductions based on control areas
not enroled in the project. Guizar-Coutiño et al.21 investigated 40
projects (of which 35 contained sufficient data for analysis) and found

a higher average OAR (42%) for a partially overlapping set of analysed
VCS projects as in West et al.

Yet, we found that studies diverge somewhat in their OAR
assessments, even if the same offset project is analysed. For the 26
projects that were analysed byWest et al.7,8 and Guizar-Coutiño et al.21

the weighted average OAR is 14.5% (with West estimating 10.5% and
Guizar-Coutiño 18.5% for the fullyoverlapping set of VCSprojects). The
estimates are moderately correlated, with a correlation coefficient of
r =0.4 (Fig. 6). Several reasons could explain this divergence, such as
differences in methodology, selection of control groups and pixel vs.
area-based approach. The observed divergence underscores the
challenge of estimating baselines and the OAR of avoided deforesta-
tion projects. Estimates are very sensitive to the creation of the control
group, a non-trivial task due to the unobservable nature of these
groups and the necessity of their construction via statistical methods.
Overall, while the findings from West et al. and Guizar-Coutiño et al.
diverge, they indicate that forest protection was much less effective
than the volume of issued credits indicates.

Yet, West et al. and Guizar-Coutiño do not assess project devel-
opers’ assumptions regarding the carbon contained in the forest areas,
which can further lead to over-crediting (see Fig. 3). Bomfim et al.45

assess project developers’ estimates of the carbon per hectare in
protected forests. If these estimates are overstated, then the issuance
of credits will also be inflated. Based on a representative sample of 12
projects across four key VCS methodologies, the authors show that
project developers have significant leeway in assessing carbon content
in forests. They found that project estimates were 23%–30% higher
than values drawn from scientific literature. We do not consider this
potential additional source of overestimation in our OAR calculation,
as more research would be needed to ascertain the carbon rates per
hectare on a project level.

Further to the carbon crediting project evaluations, a large lit-
erature exists that assesses the effectiveness of interventions seeking
to avoid deforestation or similar environmental degradation46. Studies
have found a wide variance in the effectiveness of these interventions.
For projects that have low performance, studies have documented
various reasons, such as poor administrative targeting (i.e. the project
does not protect the forest most at risk), adverse-self-selection (those
without intention to deforest self-select into programmes) and non-
compliance (many schemes do not have appropriate measures to
sanction non-compliance)46.

Chemical processes
Based on two studies15,16 evaluating HFC-23 and SF6 projects in che-
mical processes, we derive OARs of 16.4% for SF6 and 68.3% for HFC-23
destruction. These studies investigate project and baseline emissions
but do not address leakage (see Fig. 3). The projects were registered
under the CDM and JI.

Schneider15 analysed assumptions about baselines made by 19
HFC-23 destruction projects under the CDM. For two projects (CDM
151, CDM 1105), the author observed monitoring periods in which the
projects could not issue carbon credits due to methodological con-
straints. For these two projects, we leverage historical data and data
observed in periods without carbon credit issuance to compute
the OARs.

Schneider and Kollmuss16 investigated four projects, three abat-
ing HFC-23 and/or SF6 under the JI mechanism in Russia and one tri-
fluoroacetic acid (TFA) plant in France. We exclude the plant in France
due to lacking historical data. To calculate theOAR for theseplants, we
follow a similar approach as in Schneider15 (see Supplementary
Table 6).

Generally, HFC-23 and SF6 abatement projects have a high like-
lihoodof additionality as there is commonly no business case for these
interventions in the absence of financial or regulatory incentives. Yet,
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the high carbon credit revenues can lead to perverse incentives to
increase waste gas generation beyond levels that would occur without
carbon credits. The two CDM projects lowered their HFC-23 waste gas
generation in periods when they could not claim carbon credits15. The
CDM Executive Board revised the respective methodology to address
this issue, but most plants never applied the newmethodology as they
stopped issuing credits due to a lack of demand. The HFC-23 and SF6
projects under JI abruptly increased their waste gas generation at the
point in time when plant operators could generate (more) credits by
producingmorewaste gas16. For theHFC-23 projects, changes in waste
gas generation were more moderate than for the two SF6 projects for
whichwaste gas generation also exceeded Intergovernmental Panel on
Climate Change (IPCC) default values by up to 85 times, leading to
lower OAR values for the SF6 projects compared to the HFC-23
projects.

Next to these two studies that qualify for our analysis, several
studies have assessed the quality of projects abating nitrous oxide
(N2O) from adipic acid and nitric acid production2,3,22. These studies
indicate that carbon leakagemay have led to some over-crediting from
CDM projects abating N2O from adipic acid production. For N2O
abatement from nitric acid production, older CDM methodologies
(AM0028 and AM0034) involve considerable uncertainty regarding
N2O generation in the baseline and pose some risk of over-crediting,
whereas a newmethodology version (ACM0019) is likely to lead credit
fewer emission reductions than are actually occurring.

Implications for carbon crediting mechanisms
We synthesised the extant literature relying on experimental or rigorous
observational methods, covering 14 studies on 2346 carbon mitigation
projects and 51 studies investigating similar field interventions

Fig. 6 | Estimated offset achievement ratio of avoided deforestation projects
analysed in two studies. a Offset achievement ratio across studies. b Average
5-year issuance in million tons CO2. Based on West et al.7,8 and Guizar-Coutiño
et al.21. Credit data is based on the VCS registry50 and contains all credits that have
been issued. Please note that for the main estimates in Fig. 4, we use the estimates

from the full sample of projects, which is an OAR of 24.7% (compared to an OAR of
14.5% on average for this subset of 26 projects). Average 5-year issuance is basedon
the total issuance from project start year to 2024 (calculated by dividing total
issuance by total years since inception, multiplied by five).

Article https://doi.org/10.1038/s41467-024-53645-z

Nature Communications |         (2024) 15:9562 10

www.nature.com/naturecommunications


implemented without issuing carbon credits. Our analysis covers about
one-fifth of the credit volume issued to date, almost 1 billion tons. We
estimate that less than 16% of the carbon credits issued to the investi-
gated projects constitute real emission reductions, with 11% for cook-
stoves, 16% for SF6 destruction, 25% for avoided deforestation, 68% for
HFC-23 abatement and no statistically significant emission reductions
fromwindpowerprojects inChina and IFMprojects in theUnitedStates.

Our assessment, therefore, documents substantial and systemic
quality problems across all analysed project types, which further
strengthens the evidence by previous cross-cutting analyses of the
CDM and the JI2,47. Carbon credits are issued based on standards
developed by carbon crediting mechanisms. The quality of carbon
credits hinges on the robustness of these standards, the choices made
by project developers in applying these standards and the thorough-
ness of the checks by third-party auditors and the carbon crediting
mechanism. Our assessment highlights that many project developers
pick favourable data or make unrealistic assumptions6. Some meth-
odologiesmake use of outdated data or inappropriatemethodological
approaches4, which can lead to adverse selection35 or perverse
incentives12,15,16. Our results also indicate that there is substantial het-
erogeneity across project types and methodologies.

The reviewed studies suggest that existing approaches to assess
additionality have led to many non-additional projects being regis-
tered. To address this issue, carbon crediting programmes could limit
eligibility to project types that have a high likelihood of additionality
and of being effectively supported by revenues from carbon credits.
For example, following criticism regarding additionality, Verra and the
Gold Standard excluded wind power projects in most countries from
eligibility. However, newer crediting mechanisms, such as the Global
Carbon Council, include these projects in their scope. This change
would result in a much narrower set of eligible project types.

Our findings also suggest that the standards and methodologies
to quantify emission reductions need to be considerably improved.
Such improvements should address a range of issues, in particular
reducing project developers’ flexibility in making favourable metho-
dological assumptions to maximise credit generation6,8,21; using con-
servative assumptions and data based on the latest scientific
evidence6,18,19,45; and addressing the risk of adverse selection4,5 and
perverse incentives15,16. Carbon crediting programmes may also
exclude project types from eligibility where it is very difficult to
ascertain whether calculated emission reductions result from the
mitigation activities or exogenous factors that impact emissions, an
issue that has also been referred to as ‘signal-to-noise’ issue.

Various other studies, not included in our analysis, suggest that
quality issues also persist for many other project types not covered by
our analysis2,3,11,47,48. Our estimate that 812million carbon credits do not
represent actual emission reductions should, therefore, be considered
as a lower bound as many more credits currently traded may not
constitute real emission reductions.

In addition, questions around additionality and leakage remain
only partly addressed by the literature24,25 and our analysis does not
cover two other potential sources of over-crediting: permanence and
double counting. For instance, Holm et al.20 assess the non-
permanence risk for 57 VCS forestry projects. Project developers
need to make non-permanence risk assessments which inform the
number of carbon credits set aside to insure against future reversals.
Holm et al.20 recalculate the assessments made by project developers
based on the latest scientific literature and find that project developers
were issued on average 26.5% more credits than an appropriate risk
management would demand. Cookstoves projects also face a non-
permanence risk as more fuel-efficient cookstoves lead to the pre-
servation of carbon stocks in surrounding forests, but this risk is not
accounted for by any of the carbon crediting mechanisms. Double
issuance presents another risk asmore than half of cookstove projects
are co-located in areas where projects seek to avoid deforestation49.

Hence, our estimates would likely be even lower if these factors were
considered.

Our findings also suggest that more research is needed to better
understand the quality of credits across different project types. For
instance, for renewable energy, the extant literature providing quan-
titative assessments of achieved emission reductions focuses primarily
on grid-connected wind power projects18,19, though the literature on
small-scale renewable energy is scant. More work is also needed to
explore the full sources of over/under-crediting of projects with
existing evaluations.

Demand for carbon credits is expected to grow significantly over
the next decades, with increased demand from voluntary carbon
market buyers, domestic compliance markets, CORSIA and countries
using Article 6 of the Paris Agreement1. Yet, our results substantiate
doubts about the environmental quality of carbon credits from the
project types we study. These quality issues need to be addressed for
carbon crediting mechanisms to meaningfully contribute to climate
change mitigation.

Methods
Literature search
We follow ref. 26 in structuring and reporting the methods as well as
their approach to searching the literature. To collect the relevant
studies for our assessment, we proceeded as follows: (1) We perused
existing reviews on credit quality and the studies cited in the reviews,
which are all from the grey literature2,3. (2) We then searched themost
prominent databases (Web of Science, SCOPUS) with keywords (Sup-
plementary Tables 2 and 3). (3) Lastly, the author team also did indi-
vidual searches on Google Scholar and perused the reference list of
studies included in the review. All studies were downloaded on the
26th of August 2022. During the assessment process, we reran the
search to see whether any relevant research had been published in the
meantime and did manual searches to complement the existing set of
studies.

To search existing bibliometric databases, we developed search
strings. In line with a large body of systematic reviews, we employ the
PICO framework to define keywords and search literature databases
for our systematic assessment. The PICO framework includes the
definition of a central research question, inclusion and exclusion
criteria to select studies from the large pool of potentially relevant
studies and a description of the final sample. The central question of
this analysis is: ‘What is known from the scientific literature about the
differences between the emission reductions likely achieved by car-
bon crediting projects relative to the number of carbon credits
issued?’

To operationalise the research question, we developed the search
strings iteratively. We started with relevant studies known to the
author team to define keywords. We searched for academic studies
that evaluate voluntary, project-based activities that seek to reduce
emissions or enhance removals. We excluded studies that evaluate
non-voluntary activities such asmandatory regulations or non-project-
based activities (e.g. other forms of carbon pricing such as carbon
taxes). We focus on studies that evaluate project impact against a
credible comparator. This comparator can include projects, land, or
households that were not part of the carbon crediting projects; this
can include historical data of the same project (e.g. a chemical plant
producing waste gas before it became a carbon crediting project9).

The comparator can also be derived from the scientific literature.
For example, some studies compare individual factors used by carbon
crediting projects, such as methane oxidation rates at landfills or life-
cycle emissions from charcoal production, against the body of
knowledge in the published literature. Studies must also include a
quantitative assessment of greenhouse gas emission reductions or a
comparable environmental metric, such as reduced deforestation
rates. The central feature of rigorous academic studies is that they
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include a credible comparator and cross-check assumptions made by
project developers with those based on the latest science.

The last criterion is that we only include studies that use RCTs or
rigorous observational methods (which may include both modelling
and empirical studies). RCTs or rigorous observational studies fall into
several categories: peer-reviewed articles, working papers13 aimed at
peer-reviewed journals (i.e. pre-prints) and chapters in PhD theses14,
which also undergo an academic examination process. We exclude
qualitative studies unless they are incorporated into a quantitative
assessment.

We proceeded as follows. After having defined the keywords and
inclusion andexclusioncriteria, we ran the search onSCOPUSandWeb
of Science as well as manual searches on Google Scholar. As our key-
words were inclusive and we did not impose restrictions based on the
scientific discipline, publication date or study design, our search led to
a large set of potentially relevant studies (64,993). After removing
duplicates, our search returned 46,108 studies. We relied on the AI-
supported systematic review tool AS Review9 to order our complete
study set in order of probable relevance. AS Review is a software tool
that allows for more efficient screening of titles and abstracts. By
labelling a set of potentially relevant articles AS Review prioritises
articles to be investigated for relevance in the screening process.
Screening articles without prioritisation is error-prone and inefficient
as only a small fraction of articles is relevant.

A team of two researchers manually screened and labelled (rele-
vant/not relevant) the title and abstract of the first 4,611 studies
ordered by probable relevance based on AS Review (Version 0.18).
While we cannot rule out that our prioritised screening approach
omitted some relevant studies, our screening approach is in line with
other AI-supported systematic reviews26. To ascertain that we did not
miss critical studies, the author team also searched manually for
relevant studies. Out of the assessed studies, 150 studies were flagged
for full-text review. Of these 150 studies, 97were excluded after critical
appraisal due to non-relevance (31), absence of a credible comparator
(56), no effect size (4), review (1), andpercentage change reduction not
reported (5). The final set included 65 studies, of which 12 studies were
added basedonamanual search. Then, two researchers independently
extract the reported effect sizes from individual projects and other
relevant aspects of the study detailed in our Codebook. For field
interventions that did not involve the issuance of carbon credits, we
discuss the findings qualitatively in the discussion section. In total, our
final sample comprises more than 2000 carbon-crediting projects and
65 studies. The detailed ROSES flow diagram for systematic reviews
can be found in Supplementary Fig. 1 and all included studies in Sup-
plementary Tables 4 and 5.

Calculating achieved emission reductions
The central goal of our assessment is to quantify the achieved emission
reductions of carbon crediting projects relative to the issued credits,
which we call the OAR. Not all carbon credits are used for offsetting
(results-based climate finance and contribution claims made by com-
panies are other uses), but since most credits are used for offsetting,
we use the term OAR as Eq. (1):

OAR=
A× I
C

ð1Þ

where C is the number of carbon credits issued to the project, A is the
additionality factor with 0≤A≤ 1 (0 indicating no additionality and 1 full
additionality) and I are the greenhouse gas emission reductions or
removals expressed in tonnes of CO2 equivalent achievedby the project.

I can be further disaggregated in Eq. (2) into:

I =B� ðP + LÞ ð2Þ

whereB is the baseline emissions, P is theproject emissions and L is the
leakage emissions in tonnes of CO2e. Note that we omit other relevant
factors for project impact here, such as permanence and double
counting, which can further affect I. Also, if project emissions equal
baseline emissions, the project has no impact (while holding leakage
constant). The methodological approaches to estimate baseline, pro-
ject and leakage emissions depend on the project type. For instance,
for cookstove projects, key factors are the number of days a stove is in
use, usage rates, the fraction of non-renewable biomass and the
efficiency of the old and new stove.

To extract and standardise the estimates from individual studies,
we first differentiate between carbon-crediting project studies and
those that donot issue credits. Forfield interventions thatdid not issue
carbon credits, we only qualitatively discuss the results in the discus-
sion section. For carbon crediting projects, we extracted and com-
monly did further analysis to integrate the results into our quantitative
OAR framework (see Supplementary Table 6).

For the carbon crediting projects, the metrics we are inter-
ested in are the additionality A and the achieved emission
reductions I that a project achieved relative to the issued credits.
However, most studies do not report I but a metric correlated
with emission reductions, such as deforestation rates for avoided
deforestation projects, harvesting and disturbance rates for IFM
projects, and biomass use for cookstoves projects. In these cases,
we transform the results into emission reductions (apart from
studies for which no difference can be observed between carbon
crediting projects and control groups, e.g. if a cookstoves project
did not lead to reductions in biomass consumption, such as Aung
et al.17 the overall project likely had no impact on emissions). In
our sample, the transformation only becomes relevant for pro-
jects seeking to avoid deforestation and chemicals (as the
studies on other project types covered by our assessment either
directly report achieved CO2e-emission reductions or find no
additionality or emission savings; see Supplementary Table 6 for
a description).

For projects seeking to avoid deforestation, we compute how
changes in deforestation rates between the project area and control
areas translate to hectares of land prevented from deforestation and
then multiply this quantity with the carbon stored per hectare (as
reported directly by projects) in Eq. (3):

Ctotal =Rdeforest ×Cha ð3Þ

where Ctotal = Achieved credits by the project, Rdeforest = Total number
of hectares prevented from deforestation based on academic evalua-
tion, Cha = Carbon stored per hectare. To compute the OAR, we then
divide the achieved credits by the number of issued credits, see Eq. (1).

Where separate studies on different quality elements were hard
to combine, we focus our analysis on the most important factor as a
lower bound of over-crediting and then describe the results of the
other studies in the discussion section. For instance, as outlined in
the discussion section, Bomfim et al.45 evaluate project developers’
estimates of the carbon per hectare in protected forests. The authors
found that project estimates were 23–30% higher than values drawn
from scientific literature. Yet, we do not consider this potential
additional source of overestimation in our OAR calculation, as more
research would be needed to ascertain the carbon rates per hectare
on a project level.

For chemical processes, we use data on the historical waste gas
generation to compute the OAR. We use data from periods prior to
carbon crediting, periods in which the plants were not eligible for
crediting or in which they could not claim more credits from increas-
ing waste gas generation. In the case of SF6 waste gas abatement, the
study also compares the observed waste gas generation with default
values from the IPCC.Weuse the average value from these scenarios as
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the central estimate determined in Eq. (4):

OAR=
Likely waste gas production without crediting

Waste gas production during crediting

� �
ð4Þ

We then synthesise the individual, project-level estimates into our
central estimates presented in Fig. 4 via Eq. (5) for each project type
(e.g. avoided deforestation, cookstoves):

OARpt, weighted=

Pn
i = 1 OARit ×Cit

� �
Pn

i = 1Cit
ð5Þ

Where OARit is the Offset Achievement Ratio for project i over study
period t (if not otherwise specified), Cit is the number of carbon credits
issued to project i over the study period t, n is the total number of
projects within the carbon project type pt.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The underlying studies and data are reported in Supplementary
Tables 4, 5 and in our supplementary data. The underlying data of the
study can be explored in our interactive online tool carboncredits.fyi,
which we seek to regularly update with the latest study results. Source
data are provided with this paper.

Code availability
All relevant code can be found in the accompanying Excel (Version
16.88) supplementary data file.
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