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Abstract
Net-zero targets have signi�cantly increased carbon offset demand. Carbon offsets are issued based on
ex-ante estimates of project emissions reductions, though systematic evidence on ex-post evaluations of
achieved emissions reductions is missing. We synthesized existing rigorous empirical studies evaluating
more than 2,000 offset projects across all major offset sectors. Our analysis shows that offset projects
achieved considerably lower emissions reductions than o�cially claimed. We estimate that only 12% of
the total volume of existing credits constitute real emissions reductions, with 0% for renewable energy,
0.4% for cookstoves, 25.0% for forestry and 27.5% for chemical processes. Our results thus indicate that
88% of the total credit volume across these four sectors in the voluntary carbon market does not
constitute real emissions reductions. This offset achievement gap corresponds to almost twice the
annual German CO2 emissions. We complement evidence from offset projects with 51 additional studies
conducting ex-post evaluations of �eld interventions with settings comparable to offset projects. For
cookstoves and forestry projects, these �eld interventions were more effective at reducing emissions than
the voluntary offset projects, likely due to more careful intervention targeting, stricter monitoring and
enforcement of intervention protocols.

Introduction
The United States and the European Union want to reach net-zero emissions by 2050, China by 2060, and
India by 2070. By December 2022, 138 countries had already made net-zero pledges covering more than
80% of global emissions1. Similarly, many large corporations – including Amazon and Volkswagen –
have promised to reach carbon neutrality by mid-century or earlier 1, and various �rms claim that they are
already ‘carbon neutral’ today. Yet, many of these claims entail the purchase of carbon offsets. These are
“reduction, avoidance or removal of a unit of greenhouse gas (GHG) emissions by one entity, purchased
by another entity to counterbalance a unit of GHG emissions by that other entity.”2 Offsets in the
voluntary carbon market today almost exclusively rely on reducing or avoiding emissions through, for
instance, more fuel-e�cient cookstoves or improved forest protection. While offsets based on carbon
removal are growing, they only constitute a minor share of current voluntary carbon markets and are not
the focus of this study. 

What explains the major role that offsets are playing in corporate strategies is the implicit assumption
that carbon offsets are economically e�cient, as emissions reductions are achieved where they are
cheapest 3. However, for an offset project to contribute to emissions reductions, offsets need to conform
to environmental integrity criteria, such as additionality4,5 (i.e., reduction/removals would not have
occurred without the project), durability (i.e., reduction/removals are not subject to near-term reversal or
renewed at �xed intervals), and not leading to leakage (i.e., merely displacing emissions elsewhere). In
addition, many carbon offset projects aim to create additional positive environmental and socioeconomic
co-bene�ts, such as enhanced biodiversity or poverty alleviation.2
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Carbon offsets have come under considerable criticism, however, as the underlying projects may not lead
to actual emissions reductions6. Carbon offsets are commonly issued by comparing the actual carbon
reductions of a project to a hypothetical baseline scenario if the project had not been implemented. This
counterfactual baseline scenario is typically based on extrapolating historical emission trends. Yet,
historical baselines are commonly an imperfect guide to future emissions. It is, therefore, critical to
contrast the ex-ante estimated emissions reductions to the ex-post achieved emissions reductions by
offset projects. This allows us to gauge what the offset achieved relative to what has been claimed ex-
ante. We call this the ‘offset achievement ratio’ (see Methods for detailed explanation), which is the share
of achieved emissions reductions based on credible academic studies relative to the claims made by
project developers ex-ante.  

While several studies have assessed the actual emissions reductions that were realized in individual
offset projects relative to the expected reductions claimed by the veri�ers6,7, systematic and large-scale
evidence of the actual reductions covering the full range of offset sectors is missing (for de�nition and a
full list of sectors, see Table 1). In line with conventional systematic review methodology8 and based on a
Context-Intervention-Mechanism(s)-Outcome(s) logic (CIMO) 8, the central question of this analysis is
therefore: ‘What is known in the scienti�c literature about the differences between ex-ante estimates and
ex-post outcomes of individual carbon offsetting projects adopted to enable the transition towards a net-
zero emission economy across multiple sectors?’ 

We proceed in four steps. First, we de�ne keywords to identify potentially relevant scienti�c studies
across all major carbon offset sectors. As many offsetting sub-sectors only constitute a fraction of a per
cent, we focus on the largest sub-sectors which, combined, make up more than 90% of credits issued in
the voluntary offset market (Figure 1). Second, we use the arti�cial-intelligence-supported systematic
review tool AS Review9 to �lter for relevant studies (e.g., using experimental or rigorous observational
research methodologies) from 64,993 potentially relevant studies identi�ed in the �rst step
(Supplementary Figure 1 and Supplementary Table 1 & 2 for search terms). Third, we download the full
text of the studies identi�ed using AS Review and manually check for relevance (see Supplementary
Table 3 for criteria). Fourth, two researchers independently extract the ex-post computed emissions
reductions from individual projects and other relevant aspects of the study detailed in our Codebook.
Lastly, for each project, we compute an offset achievement ratio. For �eld interventions that did not
o�cially issue offsets, we compute a ‘synthetic’ offset achievement ratio (i.e., the ratio of achieved
emissions reductions if these projects had used assumptions of similar, real-world projects to issue
offsets; see Methods for detailed approach). In total, our �nal sample comprises more than 2,000 offset
projects, and 130 effect sizes from 61 studies (see Extended Data 1). 

Our analysis extends the existing literature in two major ways: First, we provide the �rst cross-sectoral,
quantitative assessment of the offset achievement ratio of carbon offset projects in the peer-reviewed
literature10 and highlight insights on durability, co-bene�ts, and other relevant factors from these studies
(see Supplementary Table 4 for previous meta-analyses in the non-peer reviewed literature). Second, we
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complemented the evidence on offset projects with 51 ex-post evaluations from �eld interventions that
tested interventions similar to offset projects and jointly comprise 1.2 million observations. For instance,
less than half of projects that attempt to reduce deforestation from deforestation and forest degradation
(REDD+) have issued offsets11. Yet, there is a large, high-quality literature that investigates the underlying
effectiveness of such interventions12,13 allowing us to assess whether assumptions made by project
developers using these interventions for offset projects are realistic.

Offset projects and �eld interventions

We conducted a systematic review of the offset achievement ratio of offset projects. In total, our set of
studies includes offset sectors that jointly issued around 90% of carbon offsets (Figure 1). These contain
7 main sectors and 14 sub-sectors as de�ned by the Berkeley Carbon Trading Project14 (Table 1).   

Table 1: Sectors, sub-sectors and descriptions of offset sectors. Directly cited and text shortened from
Berkeley Voluntary Registry Offsets database scope & types document (Version April 2021).12
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Forestry & Land Use

REDD+  Reducing deforestation and forest degradation in the global south. Many
REDD+ projects bundle several activities (e.g., improved forest management,
afforestation/reforestation). The “+” in REDD+ refers to the many project co-
bene�ts (e.g., biodiversity).

Improved Forest
Management

Applying practices which increase above and below-ground carbon stocks
including reducing timber harvest levels, extending timber harvest rotations,
designating reserves, fuel load treatments, enrichment planting, and stand
irrigation or fertilization

Afforestation &
Reforestation

Planting trees and reducing barriers to natural regeneration in non-urban
areas.

Renewable Energy

Wind Installing wind turbines for grid-connected electricity generation replacing
traditional, fossil-fuel or natural gas combustion for electricity production

Hydropower Installing large and small-scale hydroelectric power plant (HEPP) turbines to
generate electricity through regular dam �ow operations or additions to
multipurpose reservoirs

Solar Installing solar modules as electricity production for grid-connected energy
use.

Biomass Generating heat, electricity (grid-connected or direct use), and/or biogas from
renewable biomass, commonly utilizing agricultural waste biomass. 

Waste management

Land�ll/wastewater
methane

Land�ll: Reducing and combusting methane from land�lls including
municipal, industrial, and other solid waste facilities. Wastewater: Treating
wastewater to capture and �are methane, process with anaerobic digesters,
and/or dewater sludge by drying before disposal

Chemical processes

Ozone-depleting
substances 

Collecting and destroying refrigerants that are ozone-depleting substances
with high GWP from discarded equipment such as air conditioners,
refrigerators, and foam. We also include the recovery and destruction of SF6
and HFC-23 in this category.

N2O destruction in
nitric acid
production

Installing abatement measures and catalytic reduction units to destroy N2O
emissions from nitric acid factories and caprolactam production plants. Nitric
acid (HNO3) and caprolactam are crucial components of fertilizer and
synthetic �bre production. 

Household and community

Cookstoves Building improved cookstoves to replace or minimize the use of dung or
�rewood for cooking. Carbon bene�ts are realized in the form of reduced
emissions from burning biomass as well as reducing deforestation. Less
smoke leads to improved health bene�ts.

Industrial manufacturing
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Mine methane
capture

Capturing and destroying or using mine methane that would otherwise be
released to the atmosphere from active and abandoned coal, trona, and
precious and base metal mines.

Natural gas
electricity
production

Constructing new natural gas-�red grid-connected electricity generation plants
replacing higher greenhouse gas intensity fuels like coal. The fuel sources for
the plants are fossil fuel natural gas, not renewable natural gas harvested
through decomposition processes.

Carbon capture and storage

Carbon Capture and
Enhanced Oil
Recovery

Capturing carbon dioxide from industrial processes followed by compression,
transport and injection for permanent storage underground while also
enhancing oil recovery.

Projects from forestry and renewable energy projects dominate the voluntary carbon market and
constitute 74% of issued credits (Figure 1a/b). Industrial manufacturing, waste management, chemical
processes, and household and community jointly constitute 23% (we use household and cookstoves
interchangeably throughout the text as there is only one category). Carbon Capture and Storage (CCS),
agriculture, and transportation together account for around 3%. Each sector is composed of sub-sectors.
For instance, the forestry sector contains projects related to REDD+, forest management, and
afforestation (though for forestry there is substantial overlap between these categories as REDD+ is a
broad term). In turn, the renewable energy sector contains projects from wind, solar, biomass, and
hydropower. 

Following the typology of the Berkeley Carbon Project, we classify each of the 61 studies in our review
into one of seven sectors with 14 sub-sectors (Figure 1). We differentiate between studies that investigate
projects that o�cially issued carbon offsets and those projects that used a similar �eld intervention but
did not o�cially issue offsets. We found 10 studies investigating 2,244 offset projects across four
sectors (Figure 1a) and 51 studies investigating �eld interventions without issued carbon credits with a
total of 1.2m observations (Figure 1b). For the other 3 main sectors (waste management, industrial
manufacturing, and carbon capture and storage), we could not �nd any ex-post studies using a credible
control group. 

We have the strongest concentration of offset evaluations in the forestry sector, followed by renewable
energy and chemical processes (Figure 1a/b). Offset evaluations are split between different geographies
(apart from Africa with 0 studies). Similarly, for �eld interventions, most studies focus on forestry and are
mainly focused on Latin America as most forestry projects are being implemented in tropical forests.
Overall, both offset and �eld interventions mainly rely on rigorous observational studies (e.g., difference-
in-difference and propensity score matching methodologies). In contrast, only 8 of 61 studies use
randomised controlled trials (mainly evaluating the impact of fuel-e�cient cookstoves, with one
exception in forestry15).

The offset achievement ratio
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The central question of this review is: what is known in the scienti�c literature about the differences
between ex-ante estimates and ex-post outcomes of individual carbon offsetting projects? To
operationalise this question, we introduce a new, simple metric, which we call the offset achievement
ratio (see Methods Section for detailed description). The offset achievement ratio compares ex-post
estimates from empirical studies with ex-ante estimates made by offset project developers. Hence, if a
project reduced only half of what was originally claimed, the offset achievement ratio would be 50%. 

For assessing offset achievement ratios, we only include empirical impact evaluations that contain a
credible control group. A credible control group has similar characteristics as the treatment group. For
instance, if a project seeks to avoid deforestation, then the deforestation trends within the conservation
project would be compared to a forest with similar biophysical (e.g., type of forest, distance to forest
edge) and socio-economic (e.g., distance to roads) characteristics that was not protected by the offset
project. 

This counterfactual approach stands in stark contrast to offset veri�ers, which rely on simplistic
comparisons of the offset project against a historical baseline to determine whether the project achieved
its intended goals. For instance, in projects Reducing Emissions from Deforestation and Forest
Degradation (REDD+), historical deforestation trends are commonly used, but these are often unsuitable
to gauge the impact of the project for two main reasons 16. First, changes in underlying political and
economic conditions may lead to reductions in deforestation that are wrongfully attributed to the offset
project, as likely happened with Brazil’s policy effort to thwart deforestation post-2004 6,16. Second,
project developers have an incentive to in�ate deforestation baselines to bene�t from the sale of a larger
number of offset credits, which results in questions regarding the actual emissions reductions6.

Overall, we �nd that offset projects achieved considerably lower emissions reductions than claimed ex-
ante. We �nd the lowest values for the offset achievement ratio in the renewable energy (0%) and
household (0.4%) sector, followed by forestry (25.0%) and chemical processes (27.5%) (Figure 3a).  In
contrast to offset projects, estimates from �eld interventions show higher results for cookstoves (17.1%)
and forestry (39.2%) but not for renewable energy (no data on chemical processes) (Figure 3b). For our
estimates in Figure 3, we use the central estimates from the studies. For studies that only report an upper
bound, we do not include them in our main estimates (but show them graphically in Figure 3a) as the
authors make clear that the results could be as low as zero17  (see Methods section for discussion). We
discuss issues of permanence in Section leakage, durability, and co-bene�ts. 

The offset achievement gap

When generalizing the estimates from offset project studies in Figure 3a, we estimate that only 12% of
the total volume of existing credits constitute real emissions reductions. Hence, 88% of the
current voluntary carbon market across the main four sectors may not achieve the claimed offset
goals. These non-achieved emissions reductions claimed by offsets are sizeable: the volume corresponds
to almost twice the annual CO2 emissions of the entire German economy. 
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Forestry and renewable energy credits account for around 90% of the current market (Figure 4a).  Most
renewable energy credits are likely not achieving the claimed goals, whereas a share of forestry credits
likely represents actual emissions reductions. (Figure 4b). While industrial credits have a higher offset
achievement ratio, their overall share in the voluntary carbon market is relatively low. 

Field interventions show a higher degree of ‘synthetic’ offset achievement ratio, but even applying these
more optimistic estimates from �eld interventions, almost 80% of the current market would not constitute
actual emissions avoidance or reductions. We delve into the external validity of our �ndings, the potential
reasons for the observed low achievement and the divergence between offset projects and �eld
interventions in the discussion section.

Leakage, durability, and co-bene�ts

Although the offset achievement ratio across sectors is the central focus of this study, we also evaluated
whether offset project and �eld intervention studies address other important considerations related to
carbon offsets. Our results show that studies investigating the emissions reduction potential of carbon
offset projects or �eld interventions only partly consider leakage, durability, and co-bene�ts.  

Some carbon offset projects may only displace carbon emissions instead of avoiding them. Only in the
forestry sector, do some studies consider leakage (for which it is arguably the biggest risk) (Figure 5a).
Within this sector, around ¼ of studies analyse leakage. For those that analyse leakage, 73% of these
studies �nd no evidence of leakage and the rest a mixed picture. Leakage effects can be positive as one
forestry study found additional conservation effects in nearby areas to �eld interventions.18 

Another key consideration for carbon offset projects is durability, which denotes the time that the carbon
offset projects avoid, reduce, or remove emissions. Avoided emissions are not per se permanent, as the
avoidance may only be temporary if, for instance, a protected forest is later cut down. On average, studies
in our sample analyse on average 6.5 years of intervention, with the shortest average timeframes found
in cookstove studies (2 years), whereas chemical processes, renewables and forestry investigate longer
intervention periods (7-11 years) (Figure 5b). Many cookstove studies rely on randomised controlled
trials. Since these are costly to implement, they tend to be more short-term in nature. In addition to the
relatively short intervention periods studied, almost none of the sectors considers post-intervention
effects (e.g., once the payments run out). The only exceptions are a few studies in the forestry sector
(13% of all forestry-related studies), which tend to show that once payments run out, conservation effects
are likely to be reversed. 

Lastly, co-bene�ts/harms are also important considerations for offset projects to assess whether
a project’s impacts go beyond carbon reductions. For example, these include positive effects of
cookstove projects on health (co-bene�t) or an increase in poverty levels (co-harm) due to a forestry
conservation project. For chemical and renewable projects, no study investigates these effects (Figure
5c). In contrast, 22% of forestry projects and 64% of cookstove projects investigate co-bene�ts/harms.
Cookstoves projects �nd neutral to positive effects (especially on time saving in collecting fuelwood19
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and cooking20, and reductions in indoor air pollution7). In forestry studies, co-bene�ts also tend to be
neutral to positive (especially on socio-economic factors such as participants’ subjective wellbeing21 and
poverty alleviation2223 as well as ecological factors, such as improved agricultural productivity24 and
hydrological services2526,27). Only one forestry study found negative effects on the subjective well-being
of project participants, mainly related to frustrations around project implementation.28 

Discussion
Overall, our review indicates that actual emissions reductions of offset projects are substantially lower
than claimed. Furthermore, there is a dearth of empirical evidence around leakage, durability, and co-
bene�ts arising from these interventions. We next turn to potential reasons that are behind the offset
achievement gap across the main four offset sectors investigated. We then turn to external validity and
potential bias in our results.

Renewable Energy
Across the four sectors, studies document the lowest offset achievement ratio for renewable energy (0%).
Utility-scale renewable energy projects require high up-front investments and a secure cash �ow to secure
funding from banks and investors. As revenue streams from offsets are often low and may �uctuate
substantially, as in the CDM, revenues generated by offsets are unlikely to substantially affect the
�nancial viability of renewable energy projects. For instance, the most prominent policy schemes for
renewable energy promotion have been feed-in-tariffs, offering stable power prices for commonly 20
years29. These projects have been deliberately shielded from the �uctuations of power markets, which are
hard to predict far in advance. While the studies in our sample analyse wind projects, the �ndings likely
extend to other renewable energy projects which feature similar capital structures, such as utility-scale
solar, hydro and biomass30. Ultimately, the �ndings of several scholars, such as Haya31, question whether
accurate, veri�able ex-ante projections can even be constructed for renewable energy projects, such as
wind32 or hydropower33. It is important to note, however, that existing offset studies exclusively focus on
utility-scale renewable projects and may not extend to small-scale projects.

Cookstoves
Cookstove offset projects feature similarly low offset achievement ratios (0.4%), though the literature is
very limited. While cookstoves are often claimed to offer win-win solutions for health and the
environment, the low additionally may be explained by behavioural and cultural reasons that interfere
with the correct usage and full substitution of low emissions cookstoves. These factors render the project
developers’ emissions reduction assumptions of cookstove offset projects commonly taken from
laboratory tests highly unrealistic. These laboratory tests assess the thermal e�ciency in a highly
arti�cial environment, which often does not represent how the stove is used outside of the lab. For
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instance, more fuel-e�cient cookstoves are typically used next to the existing stoves, therefore serving as
a complement rather than a substitute 34.

While only one study assesses an o�cial cookstove offset project (�nding no emissions reductions7), 10
studies that have analysed �eld interventions show substantial variation in the achieved emissions
reductions. For instance, Hanna et al.34 conducted a large-scale RCT in India and found no environmental
bene�ts from stove adoption. In contrast, Berkouwer and Dean35 conducted a study with a similar set-up
in Kenya �nding substantial emissions reductions from the BURN stove. Various reasons could explain
this divergence in �ndings, including price, stove design, user behaviour and maintenance.

Hence, these �ndings indicate that cookstove projects are not ineffectual in general, but that the
effectiveness is context-dependent, and more work is needed to understand the speci�c drivers of
effectiveness.

Forestry
Studies on forestry offsets document higher offset achievement ratios than in renewable energy and
cookstoves, yet overall remain below expectations (25.0%). The studies underscore common problems in
conservation projects since they may be situated in areas with low overall deforestation risk, which
reduces the likelihood that these projects avoid deforestation that would have happened otherwise.

We found that studies diverge substantially in their offset achievement ratio assessments, even if the
same forestry offset project is analysed. 20 forestry projects certi�ed by Verra have been analysed by at
least two studies. Figure 6 shows estimates for these projects. Whereas Guizar-Coutiño et al.36 �nd
medium to high achievement (44% offset achievement ratio across projects), West et al.6,16 �nd
comparatively low achievement (5%). It is noteworthy that the study estimates across these forest
projects show only a low correlation between these studies (r = 0.17).

Several reasons could explain this divergence. First, studies differ on methodological grounds. West et al.
6,16 rely on synthetic control (SC) methods, which compare projects to a weighted combination of
potential control units to estimate the additional emissions reductions achieved by the project. In
contrast, Guizar-Coutiño et al.36 rely on a difference-in-difference approach, which matches pixels drawn
from projects to similar pixels from forests not covered by the projects. The robustness of each approach
hinges on the ability to construct a credible control group to evaluate the impact of the offset project.
Difference-in-difference approaches make the simplifying assumptions that project and control sites
would have followed the same trend in the absence of the project (“parallel trends assumption”). In
contrast, the SC method relies on a weighted combination of control units allowing to reduce bias in
cases where the parallel trend assumption is violated. Yet, the SC method typically features smaller
sample sizes due to a more limited set of potential control units. Difference-in-difference approaches
typically draw on larger samples but cannot control for time-invariant heterogeneity. In addition, Guizar-
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Coutiño et al.36 et al rely on more �ne-grained satellite data (30m) compared to West et al. 6,16. Lastly, the
somewhat different time coverage could explain some of the results, as Guizar-Coutiño et al.36 analyse
the �rst 5 years of projects compared to longer time frames analysed in West et al. 6,16.

The observed divergence underscores the challenge of estimating the offset achievement ratio of forestry
avoidance 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 �ndings diverge, both West et al. 6,16 Guizar-Coutiño et al.36 indicate that
forest protection was much less effective than assumed in the Verra projects ex-ante estimates.

The overall intervention length covered by the studies was only 7 years. This presents an additional
challenge since it is expected that the offset achievement ratio would become even lower than 25.0%
after more than 7 years. Offset projects contain buffer pools – a share of credits that are not sold used to
cover non-permanence risks – but studies suggest that tend to be insu�cient given increased risks to
forests through �res. For instance, Badgley et al.37 document that the forestry projects’ buffer pools in
California’s cap and trade programme are almost empty after their �rst 10 years despite needing to
protect against forest �re risk over the next 100 years. In addition, although afforestation projects have
become a popular offsetting mechanism, there are no offset studies investigating the offset achievement
ratios of afforestation projects.36

Chemical processes
Projects in chemical processes (HFC-23 and SF6 destruction) yielded the highest offset achievement ratio
in our sample. We could only �nd two empirically rigorous studies that evaluated the impact of HFC-23
and SF6 in Russia. In theory, the abatement of the above-mentioned substances should offer high offset
achievement ratios without �nancial or regulatory incentives as there is commonly no business case for
these interventions. Yet, the high abatement potential of these greenhouse gases can lead to perverse
incentives that increase their production in the �rst place. This has been shown for projects under the
Joint Implementation Mechanism in Russia. While the CDM addressed some of the issues of perverse
incentives, qualitative research indicates that it still represents an issue.

Divergence in results between offset projects and �eld
interventions
We �nd that forestry and cookstove projects designed and implemented as �eld interventions with similar
settings as offset projects achieve higher emissions reductions than offset projects. For forestry projects,
the offset achievement ratio from study intervention projects compared to offset projects is 39% (~ 1.6
times higher). For cookstove projects, �eld interventions – in contrast to offset projects – achieve a
signi�cant, though relatively low, average offset achievement ratio of 17.1%. For wind projects, the
average offset achievement ratio is also non-signi�cant. For chemical processes, we did not �nd �eld
interventions that ful�lled the eligibility criteria (see Codebook for details).
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We can only speculate about the reasons but hypothesise that one fundamental difference might drive
the difference in observed outcomes. Field interventions (in contrast to offset projects) are often designed
by researchers or non-governmental organisations – especially for RCTs – that want to test the
effectiveness of a particular intervention instead of maximising �nancial gains as with private �rms
developing offset projects. For instance, Delacotte et al.38 show that NGOs tend to locate forest
protection projects in higher-risk areas than private �rms that only aim to sell carbon credits. These
differences in motivation could in turn affect a range of factors that lead to higher observed offset
achievement ratios across projects such as improved targeting, implementation, and monitoring. We
further explore potential reasons for the divergence between offset studies and �eld interventions in
Supplementary Note 2.

Bias and external validity
Our analysis should be seen as preliminary and subject to several limitations concerning the external
validity of the individual studies we analyse (even though it is the largest and only cross-sectoral effort to
date) and the calculation of synthetic offset achievement ratio for �eld intervention studies.

Our estimates about sectoral offset achievement ratios rely on the generalisation of individual project
observations to overarching sectors, which neglects potentially important factors such as country, year, or
implementing organisation. For some sectors, such as cookstoves and chemical processes, our study
sample is relatively small which could cause a biased generalisation to the overall offset achievement
ratio. In addition, carbon offset projects may also provide additional climate bene�ts that are not
captured by existing methodologies, such as soil effects in forest carbon protocols39,40. Lastly, the funnel
plot and Egger’s test (see Supplementary Note 1 and Supplementary Fig. 5) suggest a small-study bias in
our analysis, whereby studies with smaller samples �nd higher additionalities, suggesting the presence of
publication bias.41

In addition, to calculate the synthetic offset achievement ratio of �eld interventions, we matched �eld
interventions with similar offset projects to compare ex-post observations from �eld interventions to ex-
ante projections by offset issuers. The matching was based on intervention type, country, and year
assuming that matched projects provide suitable proxies for ex-ante projections. To increase robustness,
at least two matching offset projects were selected. Further research on offset projects and �eld
interventions is needed to increase the robustness and external validity of our offset achievement ratio
estimates.

While our analysis is preliminary, the offset studies in our sample analysed offset projects with
considerable ex-ante estimated credit volumes, such as 216 megatons of CO2 for forestry (equivalent to
33% of the current voluntary carbon market (VCS) forestry volume), 167 megatons for renewables
(equivalent to 32% of the current VCS renewables volume), and 0.43 megatons of cookstoves (or around
1% of the current VCS cookstove volume) and 104 megatons for industry (160% of current market volume
in the VCM, as these credits primarily stem from the regulated markets (e.g., CDM), which surpass current
VCS volumes). Hence, for cookstove offsets, in particular, more work is needed.
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Conclusion
We synthesize existing rigorous empirical studies from more than 2,000 offset projects that estimate the
extent to which offset projects have achieved avoided or reduced carbon emissions. 

Overall, we �nd low offset achievement ratios across sectors, with 0% for renewable energy, 0.4% for
cookstoves, 25.0% for forestry and 27.5% for chemical processes. Based on the offset achievement
ratios, we calculate that up to 88% (or ~1.1 GT of 1.3 GT CO2) of offsets across these four sectors may
not constitute real emissions reductions. The estimated share of credits without real emissions
reductions corresponds to roughly twice the current annual emissions of the entire German economy. For
�eld interventions without o�cial credit issuance, we document higher effectiveness for cookstoves and
forestry. This divergence indicates that offset projects using these interventions can likely be improved,
though their overall offset achievement ratio of the �eld interventions still lies considerably below the
emissions reduction potential that project developers commonly claim. We recognise that these results
should be seen as a synthesis of the best available evidence to date but still exploratory given the low
number of rigorous empirical studies that are available.

            Voluntary carbon markets are expected to grow signi�cantly over the next decades42 and the
Article 6 mechanism envisaged by the Paris Agreement will further increase demand for carbon offsets43.
Yet, our results substantiate doubts about the environmental integrity of carbon offsets projects from the
four sectors we study. Our analysis suggests that there is no one-size-�ts-all solutions and speci�c
targeting, local context adaptation, and continuous, dynamic monitoring are the cornerstones of
increasing offset achievement ratios. 

Yet, implementing these changes will not only increase the costs of these carbon offsets, but it will also
render the underlying project-based funding model less effective. Carbon offset revenues are inherently
di�cult to predict as the timing, price, and quantity may change over a project’s lifetime. Improvements in
offset protocols, such as dynamic baselining44, may decrease the likelihood of low offset achievement
ratios, but also increase uncertainty regarding the revenues that can be generated from offset sales by a
project. 

            Furthermore, our results underscore the recommendations from the Oxford Principles for Net Zero
Aligned Carbon Offsetting45 to move away from avoidance-based offsets towards more durable
solutions. We study sectors that generate offsets based on avoided emissions and only provide short-
lived storage (e.g., in forests). The inherent di�culties of ensuring effectiveness and scaling these
projects while safeguarding environmental integrity, strongly support the move towards other carbon
credits based on carbon removal (not avoidance) with long-lived storage. Transitioning to carbon removal
with long-lived storage is particularly important if offsets are continued to be used to offset fossil fuel
emissions, which remain in the atmosphere for hundreds to thousands of years. Using offsets with
questionable impact and short-lived storage is therefore inadequate to properly offset these emissions.
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Our analysis, therefore, underscores that current voluntary carbon markets need to be substantially
improved if they are to become an important enabler of the net-zero transition. 

Methods
Analysis framework: We developed a framework which we use to systematically assess whether offsets
achieve the intended goal of reducing or avoiding carbon emissions. Based on this framework, we
searched the academic literature. The framework has the following four components: sectoral
classi�cation of carbon offsets, the development of criteria for the evaluation of offsets, the systematic
review process, and the analysis of offset achievement ratios. 

i. Sectoral classi�cation of carbon offset  

To set the scope of our analysis, we rely on voluntary carbon market data provided by the Berkeley
Carbon Trading project46. We assess offset achievement ratios of carbon offsets that represent all major
offset sectors. To our knowledge, this is the most comprehensive open-access database maintained on
voluntary carbon markets (see Figure 1). 

We assess seven major sectors and 14 sub-sectors collectively comprising sectors that account for more
than 90% of issued carbon offsets on the voluntary markets (Figure 1b). For the classi�cation of offset
projects into different categories we rely on the Berkeley Carbon Trading offset typology 14. As there are
many small sub-sectors, we concentrate our literature search on all major sectors and sub-sectors, which
collectively cover ~90% of issued credits (Table 1 and Figure 1). 

We base our keyword search on this list of carbon offset sectors and the relevant sub-sectors. The full list
of keywords can be found in Supplementary Tables 1 & 2. 

ii. Criteria and outcomes for the evaluation of the offset 

This study relies on a systematic review methodology to assess the carbon reduction and avoidance
impacts of various offset projects. We only include studies that are either experiments (where researchers
assign treatment) or rigorous observational studies (in which researchers leverage plausible exogeneous
sources of variation to estimate project impacts) (see Supplementary Table 3 for inclusion and exclusion
criteria). The fundamental difference between typical offset projects and these rigorous studies is that
they include a credible control group that can plausibly answer the question: What would have happened
if the project had not been implemented? Typically, offset projects use historical baselines as the control
group, which is an imperfect approximation of project impact as contemporaneous socio-economic
changes may drive the apparent project impact, not the project itself.6,16 

iii. Systematic review process 

In line with a large body of systematic reviews9, we employ the Context-Intervention-Mechanism(s)-
Outcome(s) (CIMO) framework to de�ne keywords and select the studies for the systematic review. The
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CIMO framework includes the de�nition of the central research question, inclusion, and exclusion criteria
to select studies from the large pool of potentially relevant studies, as well as a description of the �nal
sample.  We proceed as follows. After having de�ned the keywords and inclusion and exclusion criteria
(see two sub-sections before), we use the AI-supported systematic review tool AS Review9 to �lter for
relevant studies (e.g., using experimental or rigorous observational research methodologies) from 64,993
potentially relevant studies identi�ed in the �rst step (Supplementary Figure 1 and Supplementary Table 1
& 2 for search terms). We then download the full text of the studies identi�ed using AS Review and
manually check for relevance. Then, two researchers independently extract the reported additionalities
from individual projects and other relevant aspects of the study detailed in our Codebook. For �eld
interventions that did not o�cially issue offsets, we compute a ‘synthetic’ additionality (i.e., the
additionality if these projects had used assumptions of similar, real-world offset projects to issue offsets;
see next section for details). In total, our �nal sample comprises more than 2,000 offset projects, and 130
effect sizes from 61 studies (see Extended Data 1). The detailed ROSES �ow diagram for systematic
reviews can be found in Supplementary Figure 1 and all included studies in Supplementary Table 6.   

iv. Analysis of the offset achievement ratio

Carbon offsets are typically issued by comparing the actual carbon reductions of a project to a
hypothetical baseline scenario if the project had not been implemented. This counterfactual baseline
scenario is typically based on extrapolating historical emission trends. Yet, historical baselines are
commonly an imperfect guide to future emissions. It is, therefore, critical to contrast the ex-ante
estimated emissions reductions to the ex-post achieved emissions reductions by offset projects. We call
this the ‘offset achievement ratio’, which is the share of achieved emissions reductions based on credible
academic studies relative to the claims made by project developers ex-ante.  

For �eld interventions without o�cial offset issuance, we approximate the offset achievement ratio by
developing our approach to compute a ‘synthetic’ offset achievement ratio if these �eld interventions had
issued offsets and had employed standard assumptions from similar, real-world offset projects. We �rst
discuss assessing the offset achievement ratio of o�cial offset projects, followed by our approach to
assessing �eld interventions. Lastly, we discuss how we synthesise the offset achievement ratio is related
to the commonly used concept of additionality and how we integrate different project estimates (lower,
medium, and upper bound estimates) (see Figure 3, which contains upper bound estimates),

O�cial offset projects

Offset projects commonly report two distinct metrics in their project documentation. To illustrate our
approach, let's assume we analyse a project that seeks to reduce deforestation and forest degradation
(REDD+). A REDD+ project commonly reports ex-ante projection of baseline emissions CBL (e.g.,
emissions through continued deforestation in the area, commonly a continuation of historical trends) and
expected emissions reductions CE due to the project (e.g., increased protection of forest leading to lower
deforestation rates) (see Figure 7). For simplicity, we assume that there are two points in time: t= 0
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(before the project) and t = 1 (at the point of evaluation, after the project has been implemented). We
assume that the offset achievement ratio stays constant over time. 

Yet, the true carbon emissions reductions from an offset project can only be assessed ex-post (i.e., after
project implementation, see Figure 8). Two metrics are important in this regard:  Counterfactual
emissions CC – which describes the true baseline emissions that would have occurred without the
project. Rigorous empirical studies use a variety of statistical methods – such as propensity score
matching and difference-in-difference econometrics – to create a credible control group. For a REDD+
project that could mean that the project area is compared to a similar plot of land, which faces a similar
level of deforestation pressure but has not been enrolled in the programme. 

 In theory, the ex-ante projected baseline emissions could be the same as the ex-post estimated
counterfactual emissions (CBL = CC), but as many exogenous factors change during project
implementation, the projected and true baseline emissions likely diverge. For instance, an unexpected fall
in international beef prices might decrease deforestation pressures suddenly, which in turn would
decrease the “true” emissions baseline (Figure 7, see ex-ante baseline projection BL and ex-post
counterfactual CC). 

The second important metric is CP, which is the true carbon reductions that the project led to. Again, in
theory, CE = CP could be true, but the project might either be more or less effective in decreasing carbon
emissions than projected ex-ante. 

We then compute the offset achievement ratio (OAR) of project i as: 

EI is an effectiveness index and describes the effectiveness of the project in reducing carbon emissions
relative to the baseline. The EI differs from project to project, but it commonly ranges between 0.5 and 1.
If the project has an EI of 1, it is assumed that the offset project completely eliminates carbon emissions
relative to the baseline. The average assumed EI in project design documents is 100% for renewable
energy (relative to the grid factor) and chemical processes (relative to the baseline emissions), 75%
reduction relative to the baseline for forestry and 65% for cookstoves projects. 
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A project that has an offset achievement ratio of 0%, did not lead to any emissions reductions, whereas a
project with an OAR of 100% fully yielded the expected emissions reductions. A project with an offset
achievement ratio of -100% led to emissions increases proportionally to the size of the initially claimed
reductions. In cases where the emissions savings are not reported, we use a corresponding measure from
the study that linearly correlates with emissions savings (e.g., reductions in deforestation rates between a
project and counterfactual scenario or reduction in fuelwood use by households for cookstoves
projects). 

For instance, let’s assume (CP  - CC) was an emissions reduction of -20 t CO2 (studies commonly report
the aggregated effect size between the project and a counterfactual (i.e., true baseline) scenario instead
of separate effect sizes for the baseline and counterfactual scenario)). The claimed emissions reduction
was -40t  CO2. 

Hence: 

If (CP  - CC) = 0, then the OAR is by de�nition 0. Hence, for studies that show no difference between the
baseline and counterfactual scenario, and do not report E, we collect no data on E as E would not change
the offset achievement ratio in these cases. 

If a project claims to have offset 1 megaton of emissions, but had an OAR of 50%, then only 0.5
megatons were reduced. We call the absolute difference between what was claimed and achieved, the
offset achievement gap. 

Field interventions

To compute the potential OAR of �eld interventions that did not o�cially issue offsets, we approximate
the potential OAR. To calculate the OAR by offset sector, we compared actual emissions reductions (from
ex-post evaluations of the research studies) with ex-ante estimates of emissions reductions from relevant
offset project reports. The matching of research studies with offset projects was conducted in four steps: 

1. We developed an algorithm that matched each �eld intervention with an o�cial offset project from
the Berkeley Voluntary Registry Offsets Database46 in the same sub-sector (e.g., REDD+, cookstoves),
country, and intervention years of the study and randomly shu�ed the �ltered sample of offset
projects using package pandas (Version 1.2.5) in Python (Version 3.8). 

2. We manually went through the sample from step 1 in chronological order. For each project, we
evaluated if the project resembled the study setting of the research study (e.g., by checking if a
similar cookstove was used for the intervention). If the project was not found suitable, we moved to
the next project in the sample set. If the project was found suitable, we extracted ex-ante estimates of
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baseline emissions and project emissions (during crediting period) from the project documents to
calculate the estimated percentage of emissions reduction of the project. 

3. Next, the project documents were retrieved from the websites of the credit issuers (e.g., Verra, Gold
Standard). For each study, we extracted ex-ante estimates of emissions reductions from two
different projects. If the estimates deviated from each other by more than 20 per cent, we also
included a third project. 

4. Finally, we used the mean from the expected projects’ emissions reduction estimates as a
comparison to the ex-post emissions reductions calculated in the research studies. For instance, if an
o�cial cookstove project implemented in the same country at the same time assumed that
emissions would be reduced relative to the baseline by 60% but the �eld interventions only found a
20% reduction, then the offset project would have an offset achievement ratio of 20% / 60 % = 33%. 

The �ow diagram and the relevant steps can be found in Supplementary Figure 2.

 

The offset achievement ratio and additionality

Studies employ different approaches to assess whether a project reaches its intended goal of reducing or
avoiding carbon emissions. The literature typically employs the concept of ‘additionality’, which asks
what would have happened in the absence of the project. Additionality, therefore, is used to conceptualise
the real carbon emissions savings (see Figure 7), which we then divide by ex-ante estimates from project
design documents (if the study does not already do so) to calculate the offset achievement ratio. 

As the concept of additionality underpins the offset achievement ratio, we therefore brie�y discuss these
different types, their stringency, and the focus of our study. As the ex-ante estimates are determined by
the project developers and are therefore standardised, the additional carbon savings estimated by studies
differ substantially (see below). 

In Supplementary Figure 3, we differentiate between four types of additionality:

1. Financial additionality (Voluntary carbon market leads to �nancing that the projects would otherwise
not have raised via other private or public sources of �nance and only this funding makes the project
viable. Even with the funding project might still not be implemented

2. Project additionality (The sole reason for the existence of the project is the funding/revenue stream
that the project acquired via voluntary carbon markets)

3. Emissions additionality (Project leads to emissions avoidance, abatement or removal that would not
have happened without the project)

4. Marginal additionality (Each sale of a carbon offset leads to a decrease in CO2 emissions in the
project)
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To illustrate these different types of additionality, assume that we want to evaluate the additionality of a
biomass power plant �nanced by carbon credits. The �rst, and least stringent criterion, for assessing the
additionality of the project, is to ask whether the project could have acquired su�cient �nancing even
without the carbon credits. If the revenue generated through the (prospective) sale of carbon credits was
su�cient to make the project �nancially viable, then the next question becomes whether the project was
eventually built (project additionality). If the project was �nanced and built due to carbon credits, then the
question becomes to what extent, the biomass power plant is reducing emissions in the power grid into
which it is delivering its electricity. For instance, if the grid is already zero emissions due to large shares of
hydropower and conventional renewables such as wind and solar, then the emissions additionality of the
project would be zero, as no additional emissions are displaced. Yet, if the biomass plant feeds into a grid
dominated by coal-�red electricity, the emissions additionality is clear. Lastly, the most stringent form of
additionality, is whether each additional sale of credits leads to an additional decrease of carbon
emissions. For instance, if the biomass-�red power plant cannot maintain its operation (e.g.,
maintenance, buying additional biomass) were it not for the sale of carbon credits, then even the
marginal additionality would be ful�lled. 

Yet, the studies in our review typically fall into two types of camps. First, studies investigating the
additionality of renewable energy typically assess �nancial3 and project additionality17. While clearing
the hurdle of �nancial and project additionality are necessary conditions for emissions additionality, they
are not su�cient. To establish emissions additionality, a detailed power system model would be needed,
to assess the exact emissions displaced in the grid, which depends on the exact production volume and
time of the wind power plant, its exact location in the supply curve, the grid operator, and many other
factors. Hence, the additionality assessments of renewable energy projects should be considered less
stringent than studies that assess emissions additionality. In contrast, chemical processes, cookstoves,
and forestry projects assess emissions additionality. As there is typically no business case to implement
these projects otherwise, �nancial and project additionality can be assumed to be true (at least, in most
cases). Hence, these projects assess emissions additionality, by considering the tailpipe emissions from
industrial plants, emissions associated with changes in deforestation levels or fuelwood use. Emissions
additionality assessments can therefore be considered more stringent than �nancial/project additionality.
No study in our sample considers marginal additionality, likely due to the complexities of measuring that
type of additionality. 

Central and upper bound estimates

Studies typically report central estimates. We consider central estimates those empirical estimates that
consider two sources of low offset achievement ratios: 

1. Wrong baseline: The study assesses what the real, counterfactual baseline would have been if the
project had not been implemented. Typically, the ex-ante baseline is compared to a credible, ex-post
baseline 
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2. Wrong project impact: The study assesses what the real project impact was after the project had
been implemented. Typically, the ex-ante, expected emissions reductions associated with the project
are compared to a credible, ex-post project impact assessment. 

Please note that these two sources of low offset achievement ratio correspond to comparing the real
carbon savings to the ex-ante expected carbon savings in Figure 7. For studies that only consider whether
the baseline has been inappropriately set, but do not analyse whether the project itself was additional, we
consider these estimates to be an upper bound (see, for instance, ref47). These are upper-bound
estimates, as the project impact could be as low as zero. Similarly, if studies explicitly state that their
estimates could be as low as zero, we also record those as upper bound (see ref 17.)
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Figure 1

Credit issuance in the voluntary carbon market. a) Issued credits in voluntary carbon markets by sector
and b) by sub-sector from 1996 – November 2022. The numbers next to the bars are in %. The scope of
our analysis includes all major sectors. Each sector comprises a range of sub-sectors. Collectively, we
cover sub-sectors accounting for ~90% of the credits issued. Please note that adding the sectors in Figure
1a accounts for more than 90% as many sectors contain a range of small sub-sectors, which were
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outside the scope of our analysis. Based on the Berkeley Carbon Trading dataset (v6, November 2022).
Clean Development Mechanism (CDM) credits are included only if they were transferred to a voluntary
registry. 10 Numbers mentioned in the text may differ slightly from those in Figure due to rounding.
REDD+ refers to projects related to Reducing Emissions from Deforestation and Forest Degradation.

Figure 2
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Overview of studies in the systematic review. a/b) Distribution of studies across offset sectors, 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 Table 5 for a descriptive overview of the sample.

Figure 3
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Estimated offset achievement ratios across sectors with a) estimates from carbon offset projects, and b)
from �eld interventions in a setting comparable to carbon offsets but without the o�cial issuance of
offsets. The offset achievement ratio is weighted by the number of offset projects analysed in each
study. Intervals are standard errors.

Figure 4
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Current and estimated distribution of credits in the voluntary carbon market. a) Current market
distribution according to Berkeley’s Voluntary Offset database, b) central estimates from ex-post
evaluations of carbon offset projects, and c) central estimates from ex-post evaluations of �eld
interventions in similar settings to carbon offset projects.

Figure 5
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a) Leakage, b) intervention period (and standard deviation) and share of the post-intervention period
studied, and c) co-bene�ts/harms reported in studies in our study sample.

Figure 6

Comparison of offset achievement ratio for the same forestry projects across studies. Source: Authors,
based on studies mentioned in Figure. For Guizar-Coutiño we divide the achieved emissions reductions
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reported in the paper by the ex-ante predicted emissions reductions in the project design documents by
Verra. The average achievement ratio in each study is weighted by expected project emission reduction in
the �rst 10 years. Hence, projects that are expected to avoid more CO2 are weighted more strongly.

Figure 7

Illustrative ex-ante projections of carbon savings through a carbon offset project. Source: author
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Figure 8

Illustrative ex-post assessment of carbon savings through a carbon offset project. Source: author
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