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1. Policy Review
[bookmark: _Toc214984830]In this section, we review the background of the carbon offset mechanism, certification regimes of main carbon offset registries, and existing additionality tests.
1.1 [bookmark: _Toc214984831][bookmark: _Toc214985818][bookmark: _Toc214986960]Background
[bookmark: _Toc214984832]Carbon offset credits have been a tool to mitigate global climate change over the past two decades. Different from cap-and-trade markets that exchange emissions allowances between polluters, offset markets entail the transfer of credits from clean projects (i.e., carbon emissions reduction and removal) that compensate for, or offset, emissions by polluters1.
There are two main types of carbon offset programmes in terms of regulatory framework, participation requirements, and objectives. Compliance programmes are run by international or governmental regulatory bodies, for example, the Clean Development Mechanism (CDM) of the 1997 Kyoto Protocol. To fulfil legally mandated obligations, participating countries or entities must adhere to the established ‘baseline-and-credit’ rules and cap-and-trade systems2, as exemplified by the European Union Emissions Trading System (EU ETS), China ETS, California Cap-and-Trade Program, and Regional Greenhouse Gas Initiative (RGGI) in the United States (US). In contrast, voluntary programmes are run by independent non-governmental organizations (NGOs), including the Verified Carbon Standard (VCS) initiated in 2005 and re-named as Verra now, the Gold Standard (GS) created by Worldwide Fund for Nature (WWF) in 2006, the American Carbon Registry (ACR) as the first private voluntary greenhouse gas (GHG) registry founded in 1996 and re-branded in 2008, and the Climate Action Reserve (CAR) established in 20013–5. Organizations or individuals can choose to offset their emissions as part of broader corporate social responsibility (CSR) efforts or personal initiatives.
Different voluntary carbon offset registries vary in terms of methodology, scope, geographical reach and alignment with compliance systems. The GS was designed to set a higher bar for voluntary offsets and emphasized the co-benefits, not limited to climate mitigation, under the framework of the United Nations’ sustainable development goals (SDGs). Each verified GS project is required to align with GS methodologies6 and contribute to at least three of the SDGs7. Different from the GS, project developers under the Verra can select an applicable methodology under any other approved GHG programme or even propose their own methodologies8. As such, the Verra has covered a broader range of project types across forestry and land use, energy, industrial and transportation sectors globally, including REDD+ (Reducing Emissions from Deforestation and Forest Degradation) and ozone depleting substances (ODS) recovery & destruction9; The Verra Registry has also been approved by the California Air Resource Board (ARB) to bridge compliance and voluntary markets since 201410,11. Besides Verra, ACR and CAR are the other two registries approved by the California ARB, but they focus on carbon offset projects mainly in North America5,10 and issue offset credits that can be used in the California cap-and-trade programme.
Yet one common requirement across both compliance and voluntary programmes is that all carbon offset credits, representing 1 tonne of reduced or removed CO2 or its GHG equivalent, must meet certain quality standards, get verified by a third-party auditor before issuance, and be tracked during transfer and retirement by an independent carbon credit registry3.
[bookmark: _Hlk205309020]Carbon offsets have experienced two cycles of rapid growth over the last three decades12. Figure 1 presents the distribution of projects and credits global carbon offsets market. The first boom in the 2000s was driven by the CDM. As the largest compliance offset programme, CDM grew fast between 2005 and 2012, and the number of issued offset credits called Certified Emissions Reductions (CERs) to clean projects in developing countries has exceeded 1 billion within a few years13. Yet this momentum faded in the early 2010s as scepticism grew over project quality and additionality14–16. In November 2012, the CDM Registry introduced the voluntary cancellation of CERs and about 13.2 million CERs had been cancelled on the platform by project participants17 to prevent circulation of non-additional credits as of August 2024. Following the Paris Agreement in 2015 and net zero commitments around 2020, compliance and voluntary carbon markets under the Article 6 of the Agreement rebounded and reached a new peak18. The market scale of VCS first boomed and the value of voluntary carbon market (VCM) activities grew more than tenfold from 2017 to 202119. However, concerns over non-additionality20, leakage21, and systematic over-crediting22–24 are again casting doubts on the integrity of carbon offsets25. In November 2024, COP29 held in Baku, Azerbaijan, adopted the decisions that aimed to further facilitate the operation of a global carbon market with stricter rules for carbon removals, methodologies and reversal risk management.
[bookmark: _Hlk205310379]The carbon market now stands at a critical juncture. There is an ongoing discussion about how to transition the methodologies under the existing programmes to Article 6 of the Agreement26 to establish a robust and reliable offset regime. Meanwhile, the fragmented governance of both compliance and voluntary offset markets indicates the urgent need for coordination, standardisation, and transparency to avoid double counting27 and ensure environmental integrity2.

1.2 [bookmark: _Toc214984833][bookmark: _Toc214985819][bookmark: _Toc214986961]Certification regimes
The existing certification regimes under the CDM and the VCM subject most projects to a rigorous and costly approval process, but differences exist in how registries interpret and implement certification.
[bookmark: _Hlk185955027]The CDM involves multiple stakeholders and several steps in the certification process. The main stakeholders under the CDM include project developers, CDM investors or credit buyers, host governments and designated national authorities, designated operational entities (DOEs) accredited by the CDM Executive Board (EB), and the CDM EB28. At first, the project developer is required to identify the project activity and prepare a Project Design Document (PDD) including but not limited to project description, baseline setting, additionality assessment, emission reduction estimates and a monitoring plan. Once the host country approves the project, the project developer is required to submit the PDD to DOEs for project validation and the DOE is responsible of making the PDD publicly available for 30 days and collecting public comments. Then, the CDM EB collects the PDD and validation reports from the DOE and it takes one month to do the completeness check and the information and reporting check29. If both checks are successful, the CDM EB will proceed with the project registration and issue verified CERs28. 
The GS develops its own conservative methodologies for emissions reduction estimation and relies on approved third-party validation and verification bodies (VVBs) to audit the projects. Compared to CDM, all the projects under the GS must go through even more complicated certification steps6: 1) starting stakeholder consultation & safeguards, 2) opening a registry account and submitting stakeholder consultation report and other supporting documents for preliminary review to get “listed” status, 3) completing validation by an approved VVB with a fully completed PDD, 4) entering design certification review checks, 5) applying for verification by an accredited VVB appointed by the project developer to get “GS design certified” status, 6) following a performance review to be a “certified GS project”, and 7) undergoing design certification renewal after five years.
[bookmark: _Hlk185959972]Similarly, the Verra project cycle also experiences stages of project listing, validation, registration, verification, and monitoring, with the audits by VVBs. To mitigate non-permanence risks, Verra updated its AFOLU (Agriculture, Forestry, and Other Land Use) buffer pool compensation agreement in January 202430. To ensure the quality of offsets called Verified Carbon Units (VCUs) as well as shortening review times, Verra has applied a new risk-based approach (RBA) since November 2024, as the result of historical data analysis and targeted process adjustments. Specifically, Verra systematically incorporates confidential risk factors associated with project characteristics (e.g., project scale, methodology, request type, jurisdiction) and define projects as low, medium, or high risk to strategically allocate focus resources31.
[bookmark: _Hlk205306368]Different from assessment over the quality of individual projects, a more standardised approach was pioneered in California’s compliance offset programme with the aim to mitigate over-crediting20. The standardised offset crediting adopts standard criteria to determine the eligibility and additionality of projects and quantifies GHG emission reductions based on standard baseline assumptions, emission factors and monitoring methods. Even with the setting of pre-determined project type-specific criteria, policy administrators still need substantial and ongoing oversight to screen for uncertainty under information asymmetries20; In addition, the quantification methodology design requires more industry expertise as well as market and financial analysis20.
Overall, the carbon offset mechanism has evolved dynamically and introduced reforms to improve credibility, transparency, and climate effectiveness. The variations across different registries also reflect different priorities and operational contexts.

1.3 [bookmark: _Toc214984834][bookmark: _Toc214985820][bookmark: _Toc214986962]Additionality tests
Carbon offsets must be ‘real, additional, quantifiable, permanent32, verifiable, and enforceable’. At the core of the quality standards lies the concept of additionality, that is, carbon offset projects need to create genuine climate benefits that would not have occurred under a business-as-usual scenario. Figure 2 summarises a variety of additionality tests.
Historically, there have been four generic approaches to assessing additionality employed in methodologies submitted to CDM Executive Board (EB)33 and each of them has its own strengths and limitations:
1)  Barrier analysis requires demonstrating the existence of barriers (e.g., general financial risks, technological risks, general policy risks, incapability of management) that would prevent the project if not registered as a CDM activity. However, barriers are not always credible, highly subjective, vague, and difficult to validate33. It is challenging to clearly show how non-monetary barriers can be overcome through carbon credit revenue and it is often associated with gaming by activity developers and strong controversies34. Due to its frequent rejection of registration requests by the CDM EB and criticism by NGOs and researchers, barrier analysis has increasingly been seen as lacking robustness and no longer applied34.
2) Investment analysis requires demonstrating the proposed project activity is economically or financially less attractive than at least one credible alternative. As the barrier analysis fell out of favour, the investment test became the default approach with auditors and regulators35. However, it did also face difficulty regarding the availability and transparency of financial data used in the calculation of the internal rate of return (IRR), causing risks of manipulation26.
3) Common practice analysis assesses the extent to which the proposed project type has already been implemented in the relevant sector and region. While it provides more objective quantitative information, project participants tend to define their technology so narrowly that no comparable projects, or only a few, are identified33.
4) [bookmark: _Hlk213004510]Positive lists define project categories that are assumed to be additional, allowing for some false positives to simplify administrative processes. Only a small number of projects in certain regions that meet pre-specified criteria are exempt from testing and automatically qualify as offsets, with a predetermined formula to calculate emissions reductions3. While positive lists for automatic additionality offer clear benefits such as the reduction of controversial loopholes and manipulation, they struggle to account for country- or sector-specific contexts36. In addition, positive lists can quickly become outdated35. Under the CDM, positive lists have been slow to adapt. One case is that voluntary carbon market standards such as GS and Verra excluded grid-connected renewable energy projects in most countries due to general lack of additionality, when such projects still featured on a CDM positive list26.
There are clear trade-offs between project-specific approaches and standardised approaches to determining additionality. Compared to following a set of pre-determined eligibility criteria, project-specific approaches could be more reliable and precise if applied rigorously3. However, they are time-consuming and depend too much on subjective judgements and expectations by offset programme staff and verifiers36. While less burdensome, standardised approaches rely on upfront analysis to set these eligibility criteria, which also make it challenging to define objective criteria and set quantitative standards3. However, the standardised approach performs better to mitigate the risk of over-crediting, especially equipped with careful protocol-scale analysis, conservative estimation methods, ongoing monitoring of outcomes, and restriction to project types20.
[bookmark: _Hlk213005002]More recently, new initiatives shed light on the hybrid approaches for additionality tests: the combination of project-specific and standardised approaches has been highlighted to establish a robust, efficient, and high-integrity carbon offset regime20. A recent study proposed three shades of additionality determination and a new stepwise approach to determine additionality26. The additionality can be categorized into regulatory additionality, target additionality (or target surplus) and financial additionality. Each type of additionality should be assessed step by step using newly designed tests:
1)  Regulatory additionality tests require project developers to prove that the project is not mandated by law or part of the required GHG emission reductions required by national regulation. In case the actual implementation of a regulation is uncertain, an enforcement test threshold can be applied37. 
2) Target additionality tests or ‘target surplus’ tests require project developers to prove that the types of projects do not form part of the (unconditional) Nationally Determined Contribution (NDC) target of their host country. Activities that do not go beyond the unconditional NDC targets generate a clear ‘over-selling risk’ that can undermine its own NDC achievement26.
3) Financial additionality tests or investment tests are similar to the existing ones: conducting a simple cost analysis (if credit sale is the project’s only revenue source), an investment comparison analysis, or a benchmark approach (if there are other savings/revenues beyond the credit sale)38.
To avoid overburdening the whole process, some researchers claim that not all projects need an investment analysis26. Project developers can identify and evaluate inherent financial additionality risks as well as risks to the activity implementation for the specific activity type26. If one type of activity is not attractive even including all revenues and savings from any subsidies, avoided carbon taxes, or others, it can be in the positive list and exempted from the investment tests. Creating positive lists for technologies and activity types where present value of costs significantly exceeds revenues without carbon credits simplifies the determination of financial additionality and reduces transaction costs. To control country- or sector-specific factors and ensure timeliness, parties may develop their own ‘host country approval lists’ used for evaluating target surplus and update them regularly to meet the minimum quality criteria26.
The new changes to carbon offset rules and procedures are not limited to the emphasis of positive lists and oversight of host countries aligned with the PA but tend to set higher restrictions for projects which are very likely to be non-additional. In 2021, GS incorporated approaches to ensure regulatory additionality, considered the need for crediting period renewal39, and updated eligibility criteria deem only certain types of renewable energy activities to be additional40. Similar to GS, Verra also restricted eligible renewable energy activities located in least developed countries (LDCs) or small island developing states (SIDs) in 201941,42. 

2. [bookmark: _Toc214982026][bookmark: _Toc214984250][bookmark: _Toc214984276][bookmark: _Toc214984835][bookmark: _Toc214985821][bookmark: _Toc214986963]Literature Review
[bookmark: _Toc150249924]This section reviews literature on carbon offsets and implications beyond additionality.
2.1 [bookmark: _Toc214984836][bookmark: _Toc214985822][bookmark: _Toc214986964]Criticisms of carbon offsets
[bookmark: _Toc214984837]The major criticisms of carbon offset projects concern both the use and quality of credits3. 
[bookmark: _Toc214984838]A handful of studies have criticised carbon offsetting for creating perverse incentives functioning as a ‘greenwashing’ tool43, being a severely under-capitalized short-term solution44, and discouraging decarbonisation regulation45. More importantly, the validity of carbon offsets can be difficult to guarantee regarding their non-additionality20,14, carbon leakage risk21, and overestimated climate benefits associated with over-crediting and inaccurate baselines33,22,23.
[bookmark: _Toc214984839]Importantly, non-additional offsets harm this regime by distorting carbon markets, diverting funds away from genuine climate solutions and delaying the low-carbon transition with an illusion of progress. Calel and his colleagues use a sample of 1350 wind farms in India to identify wasted subsidies as evidence of misallocation of carbon offsets. Among 472 projects have been registered to receive carbon offsets under the CDM, 265 wind farms that there exist other strictly less profitable projects were built without the same subsidies14. Ironically, this indicates that at least 52% of carbon offsets from registered wind farms in India are non-additional and even random subsidy allocation through a lottery would have resulted in fewer misallocated subsidies. In the power sector, CERs issued by CDM that have both additional and contribute to sustainable development are estimated at merely 15% of the total46. 
[bookmark: _Toc214984840]A related concern, which has also drawn media headlines, is systematic over-crediting, which arises from inflated counterfactual baseline scenarios47.
[bookmark: _Toc214984841][bookmark: _Hlk180768024]In California’s forest carbon offset program, awarding forest projects with carbon stocks that exceed regional averages led to 29.4% of the credits being overissued22. Strikingly, the fuel-switching project sample is over-credited by 6.3 times on average, and even the best GS’s Metered and Measured methodology for cookstove projects is still 1.3 times over-credited48.
[bookmark: _Toc214984842]In studies on forestry offsets, West and his team apply a quasi-experimental synthetical control method and find that the crediting baselines established ex-ante by 12 voluntary REDD+ (Reducing Emissions from Deforestation and Forest Degradation) projects in the Brazilian Amazon tend to assume higher deforestation than counterfactual forest loss in synthetic control sites due to decreased deforestation during the early implementation phase23. They examine the impacts of 27 REDD+ projects in six countries on three continents and find similar results: most projects accounting for 71% of carbon offset credits have not reduced deforestation, but at least 14.6 million credits have been used by individuals or organizations around the world. Even though a number of projects had effectively stopped some deforestation49, the areas were extremely small47. 
[bookmark: _Toc214984843]Offset crediting agencies have responded with improved methods to strengthen the accuracy of REDD+ baselines50. Nevertheless, the climate policy development process demands more proactive engagement of scientists to improve the resilience and robustness of carbon mitigation mechanism design51.
[bookmark: _Toc214984844]Therefore, extant carbon offset studies have examined the performance of carbon offset projects on several dimensions, including their actual contribution to emissions reduction, their incentives to climate mitigation activities in the short- and long- term, and their ability to provide climate finance to the developing world. Most of them came up with negative conclusions and recommended either discarding offset practices entirely or adding further complexity to the current regime.

2.2 [bookmark: _Toc214984845][bookmark: _Toc214985823][bookmark: _Toc214986965]Beyond additionality
[bookmark: _Toc214984846]Research beyond additionality has been exploring ways to improve the carbon mechanism, while some of their implications have been overlooked in practice.
[bookmark: _Toc214984847]Concerns have been raised since 2005 regarding the carbon offsets projects in the Indian and Chinese power sectors that might embody flaws characterized by complicated, politicized and administratively inefficient at that time52. Alternatively, instead of inaccurate baselines for individual projects, baselines at the multi-project level or across whole sectors based on disaggregated analysis and careful industry analysis would be another effective approach53–55. This highlights the importance of heterogeneity analysis of multi-project level or sector level, rather than project level.
[bookmark: _Toc214984848]The interaction of different domestic and international policies varies across countries and sectors, so the context of offset projects matters. For example, generous tax incentives encourage purchases of electric vehicles in Norway56 and renewable electricity feed-in tariffs stimulate deployment of renewable energy capacity57. There are many more policy instruments to mitigate climate change, including mandates (e.g., renewable portfolio standards, certification), incentives (e.g., tax, subsidy, discount rebate, and loan), and markets (e.g., cap-and-trade)58,59. However, previous additionality testing might be biased since it excluded domestic mitigation policies in the investment test due to the ‘E-policy rule’26. Therefore, the synergic effects of the domestic policies on carbon offset projects should be evaluated together under different contexts and be updated timely once contexts have been changed.
[bookmark: _Toc214984849]Furthermore, the definition of additionality requires to align with methodologies that accurately or conservatively quantify climate impact. Rather than treating additionality as a binary, additionality could be looked at as a proportion of intervention groups who would likely have maintained the status quo without intervention48.
[bookmark: _Toc214984850]The implications for the future carbon offset regime are not only from offset-related studies, but from research on other climate mitigation mechanisms and subsidy mechanisms.
[bookmark: _Toc214984851]A body of economics and policy literature has documented the cliff effect that describes unintended consequences and incentive distortions arising from sharply defined eligibility criteria in subsidy or benefit programmes60,61. When eligibility hinges on strict thresholds, individuals or firms slightly above these limits face a disproportionate loss of benefits, undermining fairness and creating perverse incentives62,63. Consequently, they may strategically alter their behaviour to remain eligible for subsidies, thereby causing inefficiencies and undermining policy objectives60. The current offset regime also uses financial additionality tests to decides whether a project is financially additional or not with a threshold (i.e., a hurdle rate). Specifically, a project may be accepted or rejected if the IRR of the project is slightly below or above the benchmark IRR, which encourages the gaming behaviour (e.g., underreport IRRs) of project developers to some extent. The cliff effect reminds regulators of the need for smoother and more flexible policy mechanisms to mitigate such distortions.
[bookmark: _Toc214984852]Another lesson is the design of an optimal credit allocation rule to mitigate carbon leakage risk and job loss risks64. To ensure the efficiency of industry compensation under the European Union Emissions Trading System (EU ETS), an optimal firm-level compensation scheme, equalising marginal relocation probabilities weighted by the damage caused by relocation, contributes to avoiding overallocation of carbon emission permits free of charge to carbon-intensive industries64. Since the marginal impact on total relocation risk varies significantly across countries and sectors, Martin and his colleagues collected the data on vulnerability to carbon pricing by country and sector as well as on management practices related to climate policy through interviews64. They found that even simple allocation rules, that use a function of easily observable firm characteristics (i.e., firm-level employment and carbon emissions alone), can significantly reduce both carbon leakage risk and job loss risk64. This reflects a possibility to reduce financial additionality risks and activity implementation risks based on simple offset credit issuance rules, such as a function of project-level characteristics after controlling the heterogeneity of country-sector-specific contexts.
[bookmark: _Toc214984853]Overall, previous studies indicate that, on one hand, the context-based analysis, particularly the heterogeneity analysis of country-sector-specific contexts in terms of investment risks and supportive policies, may contribute to estimate the proportion of non-additionality projects and the urgency of subsidies from offset credits under different contexts; on the other hand, treating additionality as a continuous measure rather than a binary, may allow more flexibility to assess the quality of carbon offsets and mitigate distortions.

3. [bookmark: _Toc214982027][bookmark: _Toc214984251][bookmark: _Toc214984277][bookmark: _Toc214984854][bookmark: _Toc214985824][bookmark: _Toc214986966]Introducing a Simplified Additionality Regime
[bookmark: _Toc214984855]This study introduces a novel continuous additionality regime, adhering to the philosophy of ‘less is more’. Figure 3 shows the difference between the existing and the proposed regimes.
[bookmark: _Toc214984856]The existing offset regime defines additionality as a binary (yes-no) concept and requires offset programme verifiers to decide whether a project is additional or not, based on the submitted applications. Developers must prove the additionality of their projects through complicated and expensive regulatory tests, the outcome of which is unpredictable3. To align with the Article 6 of Paris Agreement, proposals and initiatives have introduced more stringent project-specific requirements: the project should not only be financially additional, but also be independent of mandates and beyond NDC targets to ensure regulatory and target additionality . Correspondingly, the offset regime has incorporated more approaches into the additionality assessment, testing each additionality aspect step by step. Even though the additionality tests have evolved, the assessment outcome remains unchanged: If the project passes the tests, it will receive the full share of offset credits; if it fails, the project will not receive any credits but incur sunk costs including developmental and validation fees.
In the proposed regime, we simplify a variety of additionality tests into an eligibility check and a credit allocation rule. First, we prioritise the standardised approach over the project-level additionality assessments by introducing context-based country- and project-type-specific positive inclusion lists. Like the standardised eligibility criteria in California’s carbon offset programme, these positive lists cover all eligible project activities in terms of the project type and the host country. Hence, their design relies on the analysis of domestic policies, climate targets, accumulated project development experiences and investment risks in each host country, which may involve regulatory additionality tests, target additionality tests, and common practice analysis at a country-sector level. This suggests that the proposed regime encourages more cooperation and engagement between international offset programmes and host countries to analyse country- and project-type-specific contexts under the Paris Agreement. Second, we treat additionality as a continuous measure, reflecting the share of additional credits within one context. Associated with this new definition, the decision on credit issuance is no longer yes or no, but the proportion of additional credits. Specifically, instead of setting a hurdle rate as threshold to determine the financial additionality, the number of issued credits for each project could be discounted by a factor to mitigate risks of non-additionality and over-crediting. The baseline credit rates across different project types and host countries vary due to heterogenous contexts, specifically, different additional proportions. Learning from the optimal permit allocation rule64, a project-level credit rate may apply following a function of observable project characteristics. Since the optimal subsidy allocation rule for carbon offsets need derive from interviews with expert offset project developers and verifiers, we only apply one baseline credit rate within one country-project type-specific context in this study.
Although the country- and project type-specific positive lists and the baseline crediting rates are pre-determined and standardised, they can be dynamic rather than statics to avoid being outdated. They still require regular updates as the contexts change, for example, announcement of a new domestic subsidy policy. This allows for information transparency and consistency, manageable regulation, and flexibility and resilience of the design.

4. [bookmark: _Toc214982028][bookmark: _Toc214984252][bookmark: _Toc214984278][bookmark: _Toc214984857][bookmark: _Toc214985825][bookmark: _Toc214986967]Simulating Regulatory Performance
In order to compare the performance of additionality screening, carbon emission reduction and emission reduction efficiency between the current and proposed new additionality regimes, we propose a simple model of regulatory performance, which is then used to simulate project outcomes based on the decisions made by project developers and the regulator.
4.1 [bookmark: _Toc214984858][bookmark: _Toc214985826][bookmark: _Toc214986968]Construction of a synthetic project pool
[bookmark: _Toc214984859]We start by constructing a synthetic project pool with a full set of potential offset projects, .  Each potential project has its own unique characteristics including initial investment cost, achievable offset price and IRRs with/without offset revenues; these project features may correlate with each other. Table 1 presents the symbol and description of all model parameters.
[bookmark: _Toc214984860]Because the synthetic project pool is artificial, its features are known to us, and we can measure accurately the impact of different additionality regimes. However, we wish to make the project pool as realistic as possible and thus calibrate the parameters and their correlations on historical data from the CDM Pipeline database. The model calibration approach is as follows:
[bookmark: _Toc214984861]Step 1: Calibrate four parameters and their correlations: (1) initial investment cost (million US$), ; (2) observed reported IRR without offset revenue (%), ; (3) observed reported increase in IRR due to offset revenue (%), ; and (4) offset price (US$/tCO2e): ; (5) correlations, . Each of them is a random variable following a functional form (e.g., normal or log-normal) and their correlations are held for the distribution. With these four parameters and their correlations, we then derive other parameters from them.
[bookmark: _Toc214984862]Step 2: Calculate annual cash flow (), claimed IRR with offsets (), annual credit revenue (), and the quantity of offsets () respectively, based on the following equations:




[bookmark: _Toc214984867][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Step 3: Calibrate the gaming behaviours by introducing an underreported bias in IRR (), i.e. the difference in reported and actual IRRs, . Basically, the two probability distributions,  (claimed IRR without offsets) and  (actual IRR without offsets) are assumed to be of identical shape but a distance  apart. The real additional proportion in this project pool, , that we are interested in is the area under the actual IRR curve below the hurdle rate. Mathematically, assume  is the cumulative distribution function (CDF) of , the additional proportion is defined as:

[bookmark: _Toc214984869]assume the quantile function  is the inverse function of the CDF of , we can express it in another form:

[bookmark: _Toc214984871]then compute the gaming parameter and the actual IRR without offsets:


[bookmark: _Toc214984874]given the reported data, the additional proportion we set at  determines the difference in reported and actual IRRs without offsets.
[bookmark: _Toc214984875]Step 4: Calculate unobserved actual annual cash flow (), actual IRRs (, ) and the actual change in IRR due to offset revenues under current and new additionality regime ().
[bookmark: _Toc214984876]In the current regime,



[bookmark: _Toc214984880][bookmark: OLE_LINK7][bookmark: OLE_LINK8]In the proposed regime, for each verified tonne of CO2, the regulator applies a crediting rate () by only issuing a fraction of offset credits and partially subsidizing the project; then project developers receive a proportion of offset credit revenue after discount,  and the actual increase in IRR due to offsets,  will be smaller in the proposed regime.


[bookmark: _Toc214984883]where the crediting rate, , practically, is positively correlated to the proportion of additional offsets, . The higher non-additionality risk (smaller ) under the country-sector-specific context, the lower crediting rate (smaller ) applied to these projects with larger discounts.
[bookmark: _Toc214984884]Following the four steps, the constructed synthetic project pool enables us to calibrate key parameters on realistic data and then model the decisions by project developers and the regulator endogenously as a function of project characteristics and simulate possible outcomes for the aggregate set of projects N, in terms of the regulatory system (current vs proposed additionality regime), the behaviour of decision makers (e.g., developers’ hurdle rate, the bias/stringency of the additionality test) and project characteristics (e.g. profitability with and without credits).

4.2 [bookmark: _Toc214984885][bookmark: _Toc214985827][bookmark: _Toc214986969]Decisions by project developers
[bookmark: _Toc214984886]We assume project developers maximise profit. They are guided by a payoff function, , which reflects either the current rules or the proposed new rules. For each candidate project, the developer has to make two decisions under the two regimes: (1) whether to pursue the project  or not ; (2) whether to apply for carbon offset status  or not . 
[bookmark: _Toc214984887]Importantly, project developers are required to rigorously apply a relevant methodology to estimate their carbon emission reduction and prepare their PDDs to go through the development and validation stages. When entering the additionality test at the registration stage, the developmental fee,  and the validation fee,  are already sunk costs. The sunk cost,  is incurred regardless of the outcome of the additionality test. If the project passes the test, it can register as an offset project after paying the registration fee.
[bookmark: _Toc214984888]The registration fee schedule by CDM EB proposes the share of proceeds to cover administrative expenses as follows: (1) USD 0.10 per CER issued for the first 15,000 tonnes of CO2 equivalent for which issuance is requested in a given year; (2) USD 0.20 per CER issued for any amount in excess of 15,000 tonnes of CO2 equivalent for which issuance is requested in a given year; (3) The maximum registration fee payable based on this calculation shall be USD 350,000. Mathematically, the registration fee is expressed as:

[bookmark: _Toc214984890]The difference between the two regimes is that project developers are exempt from additionality testing and only need to check whether they satisfy the eligibility criteria and are covered in the positive lists. Accordingly, they no longer pay the developmental and registration fees under the new rules due to free of project design document drafting and administrative expenses. Therefore, the costs of applying for carbon offset status under the two regimes are:


[bookmark: _Toc214984893]The actual net present value (NPV) of the project without offsets under the two regimes is the same:

[bookmark: _Toc214984895]while the present values (PVs) of the benefit of applying for carbon offset status are different:


[bookmark: _Toc214984898]Under the proposed regime, a certain proportion of offset benefit is secured; while under the current regime, project developers may fail to register, so the expected value of net benefit (profit) is smaller. The PVs of the net profit (𝑛𝑝) and the expected net profit (𝑒𝑛𝑝) of applying for carbon offset status are respectively:



[bookmark: _Toc214984902]where  is the probability of a successful additionality decision, that is, the probability of securing the annual offset benefit . We will discuss decisions of regulators in the next subsection. 
[bookmark: _Toc214984903]Under both regimes, if the PV of the expected profit of applying for carbon offset status is negative (), the project developer won’t apply . If it is positive (), the project developer will consider applying for carbon offset status .
[bookmark: _Toc214984904][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Even if project developers apply for carbon offset status and expect to secure the offset benefit, they still have to give up pursuing/implementing the project if the project is financially unattractive and lack investments. Basically, project developers won’t pursue the project  if the IRR with offsets is still below the hurdle rate; they will pursue the project  only if the NPV of candidate projects with offsets is positive, in other words, the IRR with offsets is above the hurdle rate ().
[bookmark: _Toc214984905]Therefore, the payoff functions,  (), are specified as follows:
	[bookmark: _Toc214984906]Current binary additionality regime
	[bookmark: _Toc214984907]New continuous additionality regime

	[bookmark: _Toc214984908]

	[bookmark: _Toc214984910]




4.3 [bookmark: _Toc214984912][bookmark: _Toc214985828][bookmark: _Toc214986970]Decisions by the regulator
[bookmark: _Toc214984913]Under the current regime, the regulator judges whether a project is deemed additional () or not () and decides whether to accept () or reject () the application. Unlike the decisions by the project developer, which are known with certainty, there is an element of randomness in regulatory decisions due to information asymmetry. Project developers have more information about project characteristics than the regulator, while the regulator can only make the decisions on observed data in reports with a probability of being fabricated.
[bookmark: _Toc214984914]A rational regulator will speculate the gaming behaviours and estimate the actual data on the reported data. Ideally, the perfect regulation makes all additional projects accepted (“true positives”) and all non-additional projects rejected (“true negatives”) but the regulation is not perfect. In front of incomplete information, regulators always face a statistical probability of accepting non-additional projects (“false positives”) and rejecting additional projects (“false negatives”). Practically, regulators must use their knowledge and experience to determine a certain value as the policy hurdle rate and reject IRR-above-policy-hurdle-rate projects. At a result, the regulation can be unbiased when the policy hurdle rate equals the real hurdle rate or too lenient (strict) if the policy hurdle rate is larger (smaller) than the real hurdle rate. The inclusive (exclusive) regulation will allow for more false acceptances (more false rejections). In addition, when the actual IRR without offsets of a project is near the real hurdle rate, it’s more difficult for the regulator to make a correct decision so the regulation will be inaccurate when the tests fail to distinguish whether or not a project has an IRR above the policy hurdle rate.
[bookmark: _Toc214984915]Since the regulator is more likely to reject a project as its profit goes up, we stipulate that the probability of a successful additionality decision () is negatively correlated with the actual IRR without offsets (). We specify these properties through (the inverse of) a logistic function with a range between 0 and 1,

[bookmark: _Toc214984917]where  measures the steepness of the curve; the larger , the more accurate the regulation. A flatter curve means a more unpredictable regime. For , we get a random regulation where each project has the same probability of acceptance, independent of the project IRR;  refers to the regulator’s belief in the unobserved actual additional proportion within one sector in one host country and  is the inflection point; regulation is unbiased for ; regulation is biased toward inclusion for  and biased toward exclusion for ;  determines the probability of getting accepted, i.e.  means there is a probability of 0.6 being accepted () and a probability of 0.4 being rejected ().
[bookmark: _Toc214984918]Therefore, at a country-sector level, the additional testing performance can be evaluated from two aspects of unbiasedness and accuracy; the regulatory performance has six types: 1) unbiased and accurate; 2) inclusively biased and accurate; 3) exclusively biased and accurate; 4) unbiased and inaccurate; 5) inclusively biased and inaccurate; 6) exclusively biased and inaccurate. 
[bookmark: _Toc214984919]As the policy hurdle rate is determined by the regulator’s belief in the unobserved actual additional proportion within one sector in one host country , we calibrate them on realistic data and assume that the policy hurdle rate can be estimated by the observed reported acceptance rate within this context (). We then get 

[bookmark: _Toc214984921]One reference we could consider is 56% non-additional projects among accepted wind power projects in India14. This suggests that the regulation could be even worse than random selection.
4.4 [bookmark: _Toc214984922][bookmark: _Toc214985829][bookmark: _Toc214986971]Project outcomes
[bookmark: _Toc214984923]Once we construct the synthetic project pool and the decisions by project developers and the regulator, we can run simulations to analyse the outcomes, including the proportion of each category of cases (true/false positives/negatives, unsubmitted ones) and the contribution of offset programs to global climate mitigation. More importantly, the comparison between the outcomes of the two additionality regimes provides insights for policy design and implementation.
[bookmark: _Toc214984924]Table 2 presents the categories of cases under the two regimes. Each project type is characterised by a particular condition.
[bookmark: _Toc214984925]High-IRR projects are built in any case. If they decide to game the parameters and apply for carbon offsets, the current regime may correctly reject them. However, if not, the accepted non-additional projects will receive substantial extra revenue from issued offset credits. These credits are not only wasted without contributing to carbon emission reductions but also are transferred to emitting units in other places, weakening their climate regulation. Although the proposed regime cannot exclude the non-additional projects, the credits allocated to them would be discounted and the partial crediting design would avoid giving the other party too many emission allowances.
[bookmark: _Toc214984926]Medium-IRR projects are additional and largely depend on offset revenues to develop. They will apply, possibly honestly, and expect to register as an offset, however, the current regime may falsely reject them due to the flawed regulation and lose opportunities to reduce global carbon emissions. In the proposed regime, a proportion of offset benefits are still secured for all validated projects.
[bookmark: _Toc214984927]Unattractive (low-IRR) projects cannot be built anyway and will not apply to have the additional test. The introduction of continuous additionality may make a small proportion of additional projects unattractive, but it may also mitigate the systematic over-crediting issue in the current regime and give more confidence to project developers when they negotiate with potential investors.
[bookmark: _Toc214984928]As a first step, we count how often each case occurs over the drawn sample. Subsequently, we translate this into environmental outcomes and development outcomes. 
[bookmark: _Toc214984929]The annual financial flows (offset trade volume) are:


[bookmark: _Toc214984932]The emissions reductions are:


[bookmark: _Toc214984935]The programme climate mitigation efficiency can be calculated by:


5. [bookmark: _Toc214982029][bookmark: _Toc214984253][bookmark: _Toc214984279][bookmark: _Toc214984937][bookmark: _Toc214985830][bookmark: _Toc214986972]Model Calibration
5.1 [bookmark: _Toc214984938][bookmark: _Toc214985831][bookmark: _Toc214986973]CDM Pipeline and voluntary registry offsets database
[bookmark: _Toc214984939]The proposed regime requires careful analysis of country-project-type-specific contexts, specifically the heterogeneity and the additional proportion. On one hand, the less heterogeneity in one sector in one country, the easier the design of standardised credit allocation rules and eligibility criteria would be. On the other hand, the higher proportion of additional offsets within a context, the higher proportion of offset credits the regulators would like to allocate. Therefore, we need to analyse the distribution of industry-level benchmark IRRs and the registration rates in historical data. 
[bookmark: _Toc214984940]CDM, as the world’s largest carbon offset program, provides a rich sample of the existing carbon offset projects globally. The CDM Pipeline database was retrieved from the official website of UN Environmental Programme Copenhagen Climate Centre (UNEP-CCC). It gives an overview of the CDM’s implementation as of October 2023 and covers 13,152 CDM projects that used to apply for CERs. To help take a closer look at the data, Table 3 and Table 4 present the summary statistics of the categorical and numerical variables respectively. Importantly, this database not only does disclose all registered projects (n = 8195, ~62.3%), but also include other failed projects (e.g., deregistered, provisional, rejected, validation replaced, validation terminated, validation public, withdrawn, pending publication). As the largest carbon offset programme connecting the developed and developing worlds, most of the projects are located in China (n = 5045), India (n = 3400) and Brazil (n = 764); and more than half of them are related to renewable energy, including wind (n = 3087, ~24%), hydro (n = 3035, ~23%) and biomass (n = 1514, ~11%).
[bookmark: _Toc214984941]The voluntary registry offset database developed by the Berkeley Carbon Trading Project covers all carbon offset projects listed by four major voluntary offset project registries, specifically, ACR, CAR, GS and VCS. We retrieved the August 2024 version of the dataset including important information on project name, status, type, location, credit issuances and retirements. Table 5 shows the summary statistics of important variables in the database. The database includes 8850 voluntary carbon offset projects from four major voluntary offset project registries with a registration rate of 72.88% on average. Among these voluntary projects, 5% were from ACR, 7% from CAR, 39% from GS, and 49% from VCS. Different from CDM, the number of carbon removal projects occupies about 6% of the data sample. In addition, five major project types are cookstoves (n = 1503), wind farms (n = 1015), improved forest management (n = 633), hydropower (n = 532) and afforestation/reforestation (n = 526). More African countries have engaged in offset projects related to clean water and cookstoves, including Uganda, Rwanda, Nigeria, Mozambique, Malawi, Madagascar, Burkina Faso, and Kenya. Meanwhile, forestry offsets play an important role in the international voluntary carbon offset market.
The benchmark IRR reflects the risk of investing in climate mitigation activities, and its distribution outlines the industry developmental situations and the heterogeneity of the context. As such, the analysis of historical data on financial metrics is beneficial to understand different contexts. Table 6 shows the distribution of the benchmark IRR and the number of unique benchmark IRRs by host country and project type under CDM for three major host countries. 
First of all, the selection of benchmark IRR varies across contexts. The average benchmark IRR in different sectors across three major countries (Brazil, China, India) is distributed between 8% and 16%; by host country, it is relatively low in China (around 10%), compared to Brazil (around 13%) and India (around 15%); as for project type, it is relatively higher in Brazil’s biomass energy (14.74%) and hydro (15.31%), China’s cement (12.17%) and EE industry (12.38%) and India’s EE own generation (15.45%) and mixed renewables (16.33%). This indicates that it may be generally riskier to develop an offset project in India and Brazil than in China. 
In addition, the standard deviation of the benchmark IRR varies and reflects the extent of heterogeneity. Most of them are densely distributed with a relatively small standard deviation (below 4%), except for Brazil’s biomass energy, China’s N2O, and India’s EE households, EE own generation, and transport. These categories may require further classification into sub-types to reduce heterogeneity for non-additionality risk assessments.
Lastly, the number of unique values across sectors and countries interestingly shows that project developers in China prefer to apply a standardised IRR as the benchmark, while project developers in India enjoy choosing their own unique benchmark IRRs. For example, there are only 2 unique values (mostly 8%, a few 10%) for 1614 wind farms in China, however, there are 335 unique values among 1107 Indian wind farms, though the standard deviation of 2.57% is not very high.
Regulation quality matters while relying on human judgement to identify non -additional projects and avoid credit misallocation. Table 7 presents the number of CDM projects and the registration rate by host country and project type and Table 8 shows the number of VCM projects and the registration rate by host country and project type. The reason why we examine this is that the registration rate, in other words, application success rates, can be viewed as the proportion of additional projects within a sector in a country that the offset programme regulators believe or have confidence in.
Given the overall registration rate of 62.3% (8165 out of 13152) under the CDM, it’s observed that some categories have quite a few applications (n > 10) and a high registration rate (> 75%), including Chile’s wind (n = 26, 84.62%), China’s hydro (n = 1738, 76.29%), solar (n = 175, 93.71%) and wind (n = 1614, 93.68%), Indonesia’s landfill gas (n = 13, 84.62%), Mexico’s wind (n = 38, 76.32%), Philippines’s hydro (n = 14, 78.57%), Thailand’s solar (n = 28, 100%), and Vietnam’s hydro (n = 227, 89.43%). On the contrary, the CDM EB seems to be more suspicious regarding Brazil’s biomass energy (n = 184, 26.09%), Chile’s solar (n = 47, 42.55%), China’s energy efficient own generation (n = 497, 42.05%), India’s EE own generation (n = 245, 30.61%) and methane avoidance (n = 102, 33.33%), Indonesia’s biomass energy (n = 38, 36.84%), Malaysia’s landfill gas (n =22, 40.91%), Philippines’s biomass energy (n = 20, 25%) and Thailand’s EE own generation (n = 15, 26.67%).
Given the overall registration rate of 72.88% (6450 out of 8850) under the VCM, it’s observed that certain categories exhibited high application success rates (> 90%) with quite a few applications (n > 10), including Bangladesh’s cookstoves (n = 118, 96.61%), Brazil’s biomass (n = 50, 90%), Burkina Faso’s clean water (n = 22, 100%), China’s cookstoves (n = 25, 92%), solar (n = 34, 91.18%), and biodigesters ( n = 125, 92%), India’s biodigesters ( n = 68, 91.18%), Kenya’s afforestation/reforestation (n = 15, 93.33%), Uganda’s afforestation/reforestation (n = 21, 95.24%), United States’ wind (n = 12, 100%) and landfill methane (n = 173, 90.75%). On the contrary, voluntary carbon offset registries seemed to be more suspicious regarding China’s rice emission reductions (n = 266, 10.9%), Mozambique’s cookstoves (n = 50, 40%).
The substantial difference in the registration rates shows that regulators consciously or unconsciously expect a higher additional proportion, equivalent to a higher policy hurdle rate, within some contexts. More importantly, this helps find the inconsistency in regulators’ judgement on non-additionality risks across different carbon offset registries. For example, the registration rate of Brazil’s biomass projects under the CDM was only 26.09% yet 90% under the VCM. This indicates either some significant market/policy changes in the biomass sector over time in Brazil or severe regulators’ biases towards this context in the mandatory or voluntary carbon offset market.
The statistical analysis of the CDM Pipeline and the voluntary registry offsets database delivers an informative global overview of the offset project investment and development environment, the extent of heterogeneity under different contexts, and the expectation/belief of additionality regulators. This largely benefits the design of country- and project-type-specific positive inclusion lists and the selection of baseline crediting rates. However, a key challenge remains in in assessing the robustness of additionality tests to gaming: how to identify the complete set of potential projects in one context, which is unobserved, rather than just the subset of projects which is observed from these two databases.

5.2 [bookmark: _Toc214984942][bookmark: _Toc214985832][bookmark: _Toc214986974]Parameter Calibration
[bookmark: _Toc214984943]To test the regulatory performance of two different regimes and ensure data representation and simple size, we need to select one context with rich historical data to construct the synthetical pool for simulation analysis. As such, we take the CDM’s wind projects in China for parameter calibration and model simulation in this section and the subsequent ones, since the sample size is large enough to be representative (n = 1614); these projects are relatively homogeneous involving solely the construction of wind farms ; and the CDM Pipeline provides historical data on project characteristics and specific financial metrics.
Figure 4 presents a series of histograms of key characteristics for wind projects in China. It’s clearly observed from the histograms that the benchmark IRR is 8%; the capacity is densely concentrated around 50 MW; most projects have a crediting/operating period of 7 years. An average wind project in China has an initial investment cost of 66 million USD, an IRR without CERs of 6.2%, and a 2.8% increase in IRR by selling CERs at the price of 12.5 USD/tCO2e. In addition, the observed IRR without CERs, the increase in IRR due to CER revenue, and the initial investment cost are close to a normal distribution. These projects are supposed to be additional since their submitted IRRs without CERs are below the benchmark IRR (8%). However, there are still about 10% of projects rejected by the CDM EB. This suggests that the regulators believe that a small proportion of the non-additional projects game their financial parameters to apply for carbon offsets. 
Figure 5 shows a correlogram of the four parameters for the CDM’s wind projects in China: IRR % excl. CER, ; emission reductions,  (ktCO2e/yr); CER price,  (US$/tCO2); and increase in IRR due to CER (%), . The pre-offset return  is negatively correlated with the offset return  (correlation coefficient -0.31) and the offset price,  (correlation coefficient -0.14). This indicates that the wind plants with lower IRRs can increase their IRRs more after receiving offset revenues and tend to sell their credits at a higher price. The initial investment cost is relatively independent of other variables.
Based on the observed parameters from Figure 4 and Figure 5, we therefore construct a synthetic project pool that consists of 10,000 wind projects in China each with a capacity of 50 MW; the benchmark IRR (), or the hurdle rate, is 8%; and the crediting period () is 7 years. The initial investment cost (million US$), the IRR without CERs (%), the increase in IRR due to CERs (%) and the CER price (US$/tCO2e) are each normally distributed. Mathematically, the probability density function (PDF) of these four parameters is presented as follows.

Using the expression form of , the distribution of the four parameters is:
; ; ; 
; ; ; 
then the IRR with CER (%) is distributed as .
Under the main scenario, we assume that the additional proportion  in the equation (5) is 0.5, which means that 50% of the project sample are non-additional. Accordingly, the gaming parameter is  derived from the equation (7) and the actual IRR follows the distribution: . We next assume that the crediting rate  in the equation (12) is also 0.5, which means that the regulator only issues 50% of CERs to each validated project in the proposed regime.
Figure 6 visualises the distribution of observed and actual IRRs in the pool under two regimes. The observed IRRs without CERs (dark blue) are all below the benchmark IRR, and the observed IRR with CERs (dark green) are modestly above the benchmark IRR. However, given a very likely non-additional proportion of 50%, the actual IRRs without CERs (light blue) are centred around 8% and the actual IRRs with CERs (light green) are considerably above the benchmark IRR. This indicates that a number of non-additional projects can be very financially attractive with extra revenues, and the issued credits are wasted and potentially increase the emissions elsewhere. However, the actual IRRs with partial CERs (light yellow) are mostly above the benchmark IRR. This suggests that given an additional proportion of 50%, issuing only half the number of offset credits will achieve more carbon emissions reduction with fewer wasted credits.
[bookmark: _Hlk213011670]The registration rate of China’s wind farms in the CDM Pipeline is 93.68% so the regulation may be too lenient in this case. Given the assumed additional proportion of 50%, the regulation can be described as inclusively biased since the regulator believes a very high additional proportion in China’s wind while the reality is probably not. Given the registration rate of 93.68%, we assume that the policy regulator believes 90% of wind farms in China are additional and then calculate the policy hurdle rate based on the equation (24), , which is larger than the real hurdle rate.
In addition to regulatory bias, we set the regulatory accuracy  in the equation (23) at different values between 0 and 10. Figure 7 presents the functions of  and  with different levels of regulatory accuracy and categories of project outcomes in the current regime. In our simulation model, we assume that all projects game the system to the same extent; that is, the reported IRR is lower than the actual IRR by a constant . However, project developers may not cheat or cheat differently in the real world. This makes the project-level additionality screening even harder, so the regulator may make as bad decisions as random selection () suggested by a previous study14.

6. [bookmark: _Toc214982030][bookmark: _Toc214984254][bookmark: _Toc214984280][bookmark: _Toc214984944][bookmark: _Toc214985833][bookmark: _Toc214986975]Scenario analysis
6.1 [bookmark: _Toc214984945][bookmark: _Toc214985834][bookmark: _Toc214986976]The main scenario
In our main scenario, we make the conservative but realistic assumption that the additional proportion within this context and the baseline crediting rate are both 0.5, and the policy hurdle rate is 8.73% with the regulatory accuracy of 2.5, given the overall registration rate of over 90% and the benchmark IRR of 8% for Chinese wind power projects in the CDM Pipeline.
Under the current regime, about 79.4% of projects in the pool receive the credits in which 46.8% are additional. Under the proposed regime, about 94.4% of projects in the pool receive the credits in which 49.4% are additional. The proportion of unattractive projects increases slightly due to partial (not full) crediting.
Compared to the current regime, the proposed regime contributes to smaller offset trade volume, higher real carbon emission reduction and higher emission reduction efficiency under this baseline scenario. Specifically, the annual trade volume decreases by 485,800 USD per project on average; the annual carbon emission reduction on average increases by 9,959 tonnes CO2e per project; and the emission reduction efficiency improves from 16,395 tCO2e/million USD to 53,290 tCO2e/million USD annually. 

6.2 [bookmark: _Toc214984946][bookmark: _Toc214985835][bookmark: _Toc214986977]Other scenarios
Since the aim is to test whether the proposed regime outperforms the current one not only under the main scenario, but also under other scenarios. We design three other scenarios with different levels of regulatory quality in Figure 7 and compare the project outcomes between two regimes.
Assume that the current regulation is random ( and the acceptance rate is 90% for China’s wind projects. Compared to the current regime, the proposed regime also contributes to smaller offset trade volume, higher real carbon emission reduction and higher emission reduction efficiency under this scenario. Specifically, the annual trade volume decreases by 545,000 USD per wind power plant on average; the annual carbon emission reduction on average increases by 23,171 tonnes CO2e per wind power plant; and the emission reduction efficiency improves from 2,492 tCO2e/million USD to 47,503 tCO2e/million USD annually. 
Assume that the current regulation is satisfying, specifically, inaccurate ( yet unbiased, then the acceptance rate is 50% given the additional proportion of 50%. Compared to the current regime, the proposed regime also contributes to smaller offset trade volume, higher real carbon emission reduction and higher emission reduction efficiency under this scenario. Specifically, the annual trade volume decreases by 310,800 USD per wind power plant on average; the annual carbon emission reduction on average increases by 2,379 tonnes CO2e per wind power plant; and the emission reduction efficiency improves from 37,815 tCO2e/million USD to 83,284 tCO2e/million USD annually. 
Assume that the current regulation is nearly perfect, specifically, accurate (and unbiased. Compared to the current regime, the proposed regime also contributes to smaller offset trade volume and higher emission reduction efficiency but lower real carbon emission reduction under this scenario. Specifically, the annual trade volume decreases by 313,300 USD per wind power plant on average; the annual carbon emission reduction on average decreases by 20,470 tonnes CO2e per wind power plant; and the emission reduction efficiency improves from 73,992 tCO2e/million USD to 82,638 tCO2e/million USD annually. This indicates that the annual carbon emission reduction will be higher under the current regime only if the current regulatory quality is very high.

7. [bookmark: _Toc214982031][bookmark: _Toc214984255][bookmark: _Toc214984281][bookmark: _Toc214984947][bookmark: _Toc214985836][bookmark: _Toc214986978]Sensitivity analysis
We further carry out sensitivity analysis to see how the regime performances change as the parameters change. Specifically, we evaluate how the climate outcomes change in response to different regulatory performances, sizes of over-crediting, project pool characteristics.
7.1 [bookmark: _Toc214984948][bookmark: _Toc214985837][bookmark: _Toc214986979]Differences in regulatory performance
To analyse regime sensitivity to regulation quality, we keep the synthetic project pool unchanged () and change the regulation unbiasedness (), accuracy (), and crediting rate (). We set the regulator’s belief in additional proportion within wind farm projects in China  between 0 and 1 and the regulatory bias is measured by  (unbiased when ); the accuracy  ranges from 0 (random decision) to 10 (very accurate); and the crediting rate  also varies between 0 (no subsidy) and 1 (full subsidy).
By observing the difference in annual offset trade volume and carbon emission reduction under the two regimes, the results show that 1) the offset trade volume is always lower in the continuous additionality regime; 2) a lower crediting rate is associated with a smaller offset trade volume; 3) a slightly-lower-additional-proportion crediting rate (around 0.4, less that0.5) under the proposed regime tends to achieve the highest increase in carbon emission reduction; 4) only if the current regulation is unbiased and accurate ( and the crediting rate is far away from the additional proportion ( or , the current regime with high-quality additional testing can outperform the proposed one with bad additional proportion estimates, regarding its contribution on climate mitigation.

7.2 [bookmark: _Toc214984949][bookmark: _Toc214985838][bookmark: _Toc214986980]Over-crediting
To simulate systematic over-crediting, we introduce an exogenous variable to the main scenario, representing a fraction of over-crediting. The over-crediting of projects can also arise from overestimation of carbon emissions reduction, as a result of inaccurate baselines and methodologies during the developmental/validation stages and tremendously harm the carbon offsetting mechanism if not addressed properly. Here, we assume a certain share of CERs are not real, i.e., they are over-issued CERs, ranging between 0% (no over-issued CERs) and 100% (all CERs are over-issued). 
The average annual emission reduction per wind power plant declines to zero when 35% of offsets are over-credited under the current regime, while the emission reduction declines to zero when 50% of offsets are over-credited under the proposed regime with a crediting rate of 0.5. In addition, if the over-crediting fraction is below 65%, the climate mitigation efficiency of the proposed regime will keep higher compared to the current regime. Strikingly, if 35% of offsets are over-credited under the current regime, the offset mechanism may actually increase global carbon emissions through issuance of credits. On the other hand, the proposed regime is more flexible and resilient toward the challenge of systematic over-crediting because it can easily apply a lower crediting rate to shave the overestimated fraction off and mitigate the risk of over-crediting.

7.3 [bookmark: _Toc214984950][bookmark: _Toc214985839][bookmark: _Toc214986981]Differences in project characteristics
We examine the performances of the two regimes in response to the different synthetic project pools with different additional proportions when the regulation quality is certain. The change in trade volume is largely determined by the crediting rate: the higher crediting rate, the larger trade volume. However, the carbon emission reduction tends to be larger under the proposed regime when the crediting rate is close to the real additional proportion in the pool.
In addition to different additional proportions, the synthetic project pools may differ in terms of context heterogeneity. We then apply the regulation quality and the additional proportion under the main scenario but change the standard deviation of project IRRs without offsets. Since the wind farms projects in China are very homogenous and the standard deviation of the project IRRs without offsets is 0.57, we increase the heterogeneity of project characteristics by varying the standard deviation from 0 to 2 in increments of 0.1. It’s observed that the offset trade volume slightly decreases as the context becomes more heterogenous; more importantly, the proposed regime performs worse as the standard deviation increases to 1.5 compared to the current regime. This indicates that controlling the heterogeneity of the context is the prerequisite to apply the standardised approach and the proposed regime benefits from reasonable categorisation, which relies on careful disaggregated industry analysis across contexts.

7.4 [bookmark: _Toc214984951][bookmark: _Toc214985840][bookmark: _Toc214986982]Summary
Overall, our sensitivity analysis shows that the proposed continuous additionality regime robustly outperforms current additionality tests. First, the proposed regime reduces emissions more effectively under most scenarios, unless the regulation on current additionality tests is unbiased and very accurate. Second, it is more resilient towards over-crediting issues with a crediting rate to shave off the over-credited fraction. Third, even under high-quality regulation, setting a reasonable crediting rate near the actual additional proportion can still contribute to larger carbon emission reduction with smaller trade volume. Fourth, lowering the heterogeneity of contexts through reliable categorization benefits the regime design.
The improvements of the proposed regime are three-fold. Compared to project-level quality control through time-consuming individual assessments, a higher-level standardised assessment would be easier administratively and more efficient when controlling for context heterogeneity   and varying the baseline crediting rate. A wider frame with simplified and transparent implementation guidelines may also be better for policy regulators to overcome cognitive bias.  Furthermore, regardless of the additionality regime applied by the offset programme, a comprehensive understanding of specific contexts by disaggregated analysis and market/industry/data analysis is essential for either setting an unbiased expected additional proportion (policy hurdle rate) or a reasonable baseline crediting rate. The context-based regime design can effectively take investment risks, non-additionality risks, as well as domestic policies into consideration. In addition to improving the methodology of emission reduction estimation based on more climate science research, the credit allocation rules can be more transparent, flexible, and resilient. The proposed regime with a continuous measure of additionality can go beyond the artificial dilemma that projects must either be judged 0% or 100% additional, and more accurately reflects the reality that regulators need to judge projects on a spectrum.
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[bookmark: OLE_LINK9]Dataset 1
Name: CDM Pipeline (Updated in October 2024)
Description: The CDM Pipeline gives an overview of the that were part of the Clean Development Mechanism, including Project Activities (PAs), Programmes of Activities (PoAs) and the corresponding Component Project Activities (CPAs).
Source: https://unepccc.org/cdm-ji-pipeline/
Dataset 2
Name: Voluntary Registry Offsets Database (Updated in August 2024)
Description: The database, developed by the Berkeley Carbon Trading Project, contains all carbon offset projects, credit issuances, and credit retirements listed globally by five major voluntary offset project registries—American Carbon Registry (ACR), Architecture for REDD+ Transactions (ART), Climate Action Reserve (CAR), Gold Standard, and Verra (VCS).
Source: https://gspp.berkeley.edu/berkeley-carbon-trading-project/offsets-database
Dataset 3
Name: Google Trends (Updated in October 2024)
Description: The Google Trends can capture the monthly changes in public interest in a specific search term or a specific topic (e.g., “carbon offsets and credits”) covering all categories on websites worldwide since 2004.
Source: https://trends.google.com/trends/
Software 1
Name: Carbon Offsets Additionality Materials
Description: All datasets and R scripts for replicating the results presented in all the figures and tables are publicly available on GitHub.
Source: https://github.com/Ruanancy1998/carbonoffsets_additionality.git
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(a) The number of projects applied for carbon offsets. (b) The number of registered projects by country (Brazil, China, India, United States, Others) by first issuance year. (c) The number of issued offsets. (d) The number of issued offsets by registry (ACR: American Carbon Registry; CAR: Climate Action Reserve; CDM: Clean Development Mechanism; GOLD: Gold Standard; VCS: Verified Carbon Standard) by issuance year, (e) Changes in public interest (Google Trends: topic: “carbon offsets and credits”, region: global) and action (issued offsets in millions) over time.
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(a) Historic additionality tests adopted under the CDM. (b) Recent additionality tests adopted under more registries. There is a growing demand for harmonisation of certification criteria across registries that ensures quality and comparability in the global carbon market.
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The existing binary additionality regime covers a variety of additionality tests at a project level to accept or reject projects; Our proposed continuous additionality regime with context-based positive lists associated with corresponding credit rates across project types and host countries.
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 refers to observed reported IRR without offset revenue (%);  refers to observed reported increase in IRR due to offset revenue (%);  and  refer to offset price (US$/tCO2e) and quantity of issued offsets. The green (red) dots show the positive (negative) correlations between these parameters. It is observed that ; ; .
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[bookmark: _Toc214982039][bookmark: _Toc214984263][bookmark: _Toc214984289][bookmark: _Toc214984959][bookmark: _Toc214985848][bookmark: _Toc214986990]Figure 6. Comparison of observed and actual IRRs without and with credit revenues
The dark blue curve and the dark green curve refer to the distributions of observable reported IRRs without and with credit revenues respectively. The light blue curve and the light green curve refer to the distributions of unobservable actual IRRs without and with credit revenues respectively in the current regime. It is observed that the actual IRRs with credit revenues are far higher than the hurdle rate for a majority of projects, indicating the systematic over-crediting issue. The light-yellow curve refers to the distribution of unobservable actual IRRs with discounted partial credit revenues in the proposed regime.
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[bookmark: _Toc214982040][bookmark: _Toc214984264][bookmark: _Toc214984290][bookmark: _Toc214984960][bookmark: _Toc214985849][bookmark: _Toc214986991]Figure 7. Different levels of regulatory quality and project outcomes under the current regime
(a) Project outcomes under random regulation (each project has the same probability of acceptance independent of its IRR). (b) Project outcomes under inaccurate and positively biased regulation (false acceptances are more likely than false rejections, i.e.  the regime is too lenient). (c) Project outcomes in face of inaccurate but unbiased regulation (false acceptances and false rejections are equally likely). (d) Project outcomes under accurate unbiased regulation (regulatory quality is near-perfect; both false acceptances and false rejections are extremely rare). “Non-offset” refers to the outcome that a non-additional project does not apply for credits. Higher-quality regulation is associated with a higher proportion of non-offset projects.
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	Symbol
	Description

	Individual project characteristics

	
	initial investment cost (million US$)

	
	reported (observed) annual cash flow (million US$)

	
	actual (unobserved) annual cash flow (million US$)

	
	annual (unobserved) offset credit revenue (million US$)

	
	offset price (US$/tCO2e)

	
	quantity of offsets issued annually, also the amount of tCO2e reduced per year

	
	length of crediting period, measured in years 

	
	

	Individual project financial parameters (%)

	
	reported (observed) IRR without offset revenue (%)

	
	reported (observed) IRR with offset revenue (%)

	
	reported (observed) increase in IRR due to offset revenue (%)

	
	underreported bias in IRR (%), also called the gaming parameter

	
	actual (unobserved) IRR without offset revenue (%)

	
	actual (unobserved) IRR with offset revenue under the current regime (%)

	
	actual (unobserved) IRR with offset revenue under the proposed regime (%)

	
	actual increase in IRR due to offset revenue under the current regime (%)

	
	actual increase in IRR due to offset revenue under the proposed regime (%)

	
	benchmark IRR, also called hurdle rate

	
	

	Synthetic project pool characteristics

	
	the registration rate within one sector in one country

	
	real additional proportion within one context (country-sector-specific)

	
	the standard deviation of actual IRR within one context

	
	

	Decision parameters by the project developer and the regulator

	
	equal 1 if the project developer pursues the project, 0 otherwise 

	
	equal 1 if the project developer applies for carbon offset status, 0 otherwise

	
	developmental fee

	
	validation fee

	
	registration fee

	
	probability of receiving a successful additionality decision

	
	equal 1 if the regulator accepts the application, 0 otherwise

	
	steepness of the decision curve, measuring the accuracy of the regulation

	
	policy hurdle rate, measuring the biasedness of the regulation

	
	additional proportion believed by regulators within one context

	
	crediting rate within one context under the proposed regime (%)


Notes: For individual project financial parameters, the lowercase letters represent reported values that are observable, the uppercase letters represent actual values that are not observable due to gaming behaviours.
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	Current regime
	Submitted, accepted

	Submitted, rejected

	Not submitted


	High IRR (non-additional)

	Falsely accepted project
	Correctly rejected project
	Non-offset project

	Medium IRR (additional)

	Correctly accepted project
	Falsely rejected project
	Not possible (a)

	Low IRR (unattractive)

	Not possible (b)
	Not possible (b)
	Unattractive project



	Proposed regime
	Submitted

	Not submitted


	High IRR (non-additional)

	Falsely accepted project
	Not possible (c)

	Medium IRR (additional)

	Correctly accepted project
	Not possible (c)

	Low IRR (unattractive)

	Not possible (b)
	Unattractive project



Note: The grey categories are not possible because:
(a) If , , then , then  since .
(b) If  or , then project developers will not apply since they still lack investments even the offset benefit is secured.
(c) If  , then the project developer will apply and automatically get offset credits. Since the validation fee is negligible compared to the offset benefit, all projects will consider applying under the proposed regime unless they are unattractive.
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	Variable
	N
	Freq
	Variable
	N
	Freq

	PA/PoA
	13152
	
	Type
	13130
	

	... PA
	12525
	95%
	... Afforestation
	24
	0%

	... PoA
	627
	5%
	... Agriculture
	10
	0%

	Region
	13152
	
	... Biogas
	1
	0%

	... Africa
	616
	5%
	... Biomass energy
	1514
	11%

	... Asia & Pacific
	10225
	78%
	... Cement
	98
	1%

	... Europe & Central Asia
	145
	1%
	... CO2 usage
	6
	0%

	... Latin America
	1979
	15%
	... Coal bed/mine methane
	183
	1%

	... Middle-East
	170
	1%
	... EE households
	274
	2%

	... multiple
	17
	0%
	... EE industry
	342
	2%

	Number of CPAs
	627
	
	... EE own generation
	841
	6%

	... No
	286
	46%
	... EE service
	115
	1%

	... Yes
	341
	54%
	... EE supply side
	213
	2%

	Number of CPAs - Article 6 eligible
	168
	
	... Energy distribution
	41
	0%

	... No
	28
	17%
	... Fossil fuel switch
	258
	2%

	... Yes
	140
	83%
	... Fugitive
	119
	1%

	Status
	13152
	
	... Geothermal
	44
	0%

	... Deregistered
	23
	0%
	... HFCs
	27
	0%

	... Pending Publication
	174
	1%
	... Hybrid renewables
	27
	0%

	... Provisional
	35
	0%
	... Hydro
	3035
	23%

	... Registered
	8195
	62%
	... Landfill gas
	652
	5%

	... Rejected
	283
	2%
	... Methane avoidance
	1202
	9%

	... Validation Public
	431
	3%
	... Mixed renewables
	43
	0%

	... Validation Replaced
	829
	6%
	... N2O
	133
	1%

	... Validation Terminated
	3115
	24%
	... PFCs and SF6
	25
	0%

	... Withdrawn
	67
	1%
	... Reforestation
	96
	1%

	Article 6 eligible
	13152
	
	... Solar
	640
	5%

	... No
	9663
	73%
	... Solar & wind
	1
	0%

	... Yes
	3489
	27%
	... Tidal
	2
	0%

	First NDC eligible
	13152
	
	... Transport
	75
	1%

	... No
	12319
	94%
	... Waste
	2
	0%

	... Yes
	833
	6%
	... Wind
	3087
	24%


Notes: The version of this database includes some PA-related variables for the continued focus of the analysis, which is 1) which and how many CDM activities can be transitioned to the new Article 6.4 mechanism without applying new methodologies and 2) which and how many CERs issued under the CDM until the end of 2020 can be used to fulfil NDCs under the PA66. Here, EE refers to energy efficiency; HFCs: hydrofluorocarbons; SF6: sulphur hexafluoride and PFCs: perfluorocarbons.
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	Variable
	N
	Mean
	Std. Dev.
	Min
	Pctl. 25
	Pctl. 75
	Max

	Ref.
	13152
	3551
	3510
	0
	0
	6713
	10749

	1st period ktCO2e/yr
	13152
	143
	701
	0
	22
	107
	47809

	2nd period ktCO2e/yr
	13152
	15
	169
	0
	0
	0
	11862

	3rd period ktCO2e/yr
	13152
	1.7
	49
	0
	0
	0
	4434

	Reductions (ktCO2e/yr)
	13152
	138
	694
	0
	21
	103
	47809

	yrs.
	13152
	8.3
	2.1
	0
	7
	10
	40

	Potential A6 Reductions (ktCO2e)
	13152
	117
	1093
	0
	0
	5.6
	66086

	Pot_Red 2021
	13152
	37
	269
	0
	0
	3.3
	13339

	Pot_Red 2022
	13152
	29
	250
	0
	0
	0
	15100

	Pot_Red 2023
	13152
	22
	249
	0
	0
	0
	15712

	Pot_Red 2024
	13152
	17
	243
	0
	0
	0
	16090

	Pot_Red 2025
	13152
	12
	144
	0
	0
	0
	8751

	kCERs CP1
	13152
	113
	1580
	0
	0
	0
	74928

	kCERs CP2
	13152
	71
	594
	0
	0
	0
	43096

	Total issuance (kCERs)
	13152
	184
	1931
	0
	0
	25
	118025

	Voluntary cancellations (kCERs)
	13152
	12
	171
	0
	0
	0
	10129

	MW
	9848
	55
	200
	0.01
	7.5
	50
	7176

	Full time hours
	8395
	7687
	69231
	2.1
	2109
	5226
	3700000

	Grid emission factor tCO2e/MWh
	4848
	0.8
	0.21
	0.04
	0.71
	0.93
	8.1

	Annual EE GWh reduced
	74
	27
	36
	0.27
	6.9
	43
	209

	Forest size ha
	94
	5850
	14055
	75
	348
	5386
	106926

	Investment MUS$
	6750
	63
	218
	0.031
	7.3
	64
	6256

	Investment US$/tCO2
	6750
	645
	1665
	0.25
	212
	692
	62624

	Investment US$/kW
	5956
	1727
	6725
	4.5
	984
	1550
	329300

	IRR % excl. CER
	7309
	7.2
	5.6
	-88
	5.9
	8.9
	99

	IRR benchmark
	6676
	11
	3.6
	3.6
	8
	13
	49

	IRR % incl. CER
	5861
	13
	6.7
	0.089
	9
	14
	96

	CER price US$/tCO2
	3945
	12
	4
	0.22
	10
	13
	124


Notes: This table implies the CDM Pipeline has some strange outliers (very likely typos) in the parameters. After comparing the outliers and the PDDs, we manually correct the typos and exclude the outliers for model calibration later and more robust analysis. Here, IRR refers to internal rate of return.
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	Variable
	N
	Mean
	Std. Dev.
	Min
	Pctl. 25
	Pctl. 75
	Max

	Voluntary Registry
	8850
	
	
	
	
	
	

	... ACR
	457
	5%
	
	
	
	
	

	... CAR
	609
	7%
	
	
	
	
	

	... GOLD
	3437
	39%
	
	
	
	
	

	... VCS
	4347
	49%
	
	
	
	
	

	Reduction / Removal
	8850
	
	
	
	
	
	

	... Impermanent Removal
	533
	6%
	
	
	
	
	

	... Long-Duration Removal
	17
	0.2%
	
	
	
	
	

	... Mixed
	948
	11%
	
	
	
	
	

	... Reduction
	7352
	83%
	
	
	
	
	

	Total Credits Issued
	8850
	215383
	1269590
	0
	0
	86861
	39998290

	Total Credits Retired
	8850
	116212
	735716
	0
	0
	29742
	26317269

	Total Credits Remaining
	8850
	99170
	676413
	-85557
	0
	26718
	29597435

	Total Buffer Pool Deposits
	8850
	10442
	152960
	0
	0
	0
	5049473

	Reversals Covered by Buffer Pool
	8850
	5.5
	519
	0
	0
	0
	48837

	Reversals Not Covered by Buffer
	8850
	1.7
	159
	0
	0
	0
	14934

	Buffer Credits Released to Project
	8850
	740
	26541
	0
	0
	0
	1878938

	First Year of Project (Vintage)
	4363
	2015
	5.3
	1996
	2010
	2020
	2024

	2002
	8850
	14
	1329
	0
	0
	0
	125000

	2003
	8850
	0
	0
	0
	0
	0
	0

	2004
	8850
	0.056
	5.3
	0
	0
	0
	500

	2005
	8850
	325
	21623
	0
	0
	0
	1898000

	2006
	8850
	1246
	79208
	0
	0
	0
	6086006

	2007
	8850
	661
	27840
	0
	0
	0
	2231178

	2008
	8850
	994
	41926
	0
	0
	0
	3024628

	2009
	8850
	3438
	61791
	0
	0
	0
	4881729

	2010
	8850
	4553
	66336
	0
	0
	0
	4483537

	2011
	8850
	4810
	52443
	0
	0
	0
	1934722

	2012
	8850
	7453
	103885
	0
	0
	0
	4865137

	2013
	8850
	7733
	139783
	0
	0
	0
	9015685

	2014
	8850
	5560
	78416
	0
	0
	0
	5772071

	2015
	8850
	5401
	62714
	0
	0
	0
	2722170

	2016
	8850
	4080
	46730
	0
	0
	0
	2126828

	2017
	8850
	10844
	250964
	0
	0
	0
	14165124

	2018
	8850
	9687
	151714
	0
	0
	0
	7985332

	2019
	8850
	17225
	269437
	0
	0
	0
	15322772

	2020
	8850
	20764
	199772
	0
	0
	0
	9059054

	2021
	8850
	32220
	300370
	0
	0
	0
	11838831

	2022
	8850
	31136
	322630
	0
	0
	0
	23703328

	2023
	8850
	29423
	235742
	0
	0
	0
	11371671

	2024
	8850
	17814
	151974
	0
	0
	0
	6334750


Notes: The year variables (2002-2024) refer to the number of credits issued in that year.
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	Host country
	Type
	N
	mean
	sd
	median
	min
	max
	Uniq_N

	Brazil
	Biomass energy
	184
	14.74
	4.35
	12.4
	11.43
	28.52
	12

	Brazil
	EE own generation
	14
	12.65
	0.91
	12.65
	12
	13.29
	2

	Brazil
	Energy distribution
	7
	12.16
	3.69
	11.75
	8.44
	16.7
	4

	Brazil
	Hydro
	186
	15.31
	3.87
	15.52
	7.27
	23.31
	70

	Brazil
	Landfill gas
	92
	13.61
	3.84
	11.75
	10.18
	25
	17

	Brazil
	Methane avoidance
	101
	12.07
	0.44
	12.13
	11.25
	12.75
	4

	Brazil
	PFCs and SF6
	4
	17.9
	
	17.9
	17.9
	17.9
	1

	Brazil
	Reforestation
	7
	8.29
	
	8.29
	8.29
	8.29
	1

	Brazil
	Wind
	96
	12.68
	2.69
	11.99
	8.65
	23.09
	39

	China
	Biomass energy
	220
	8.11
	0.64
	8
	8
	13
	5

	China
	Cement
	46
	12.17
	1.94
	11.5
	11
	16
	3

	China
	Coal bed/mine methane
	167
	10.68
	2.92
	10
	8
	27.67
	10

	China
	EE industry
	24
	12.38
	0.96
	13
	10
	13
	4

	China
	EE own generation
	497
	12.31
	3.20
	12
	8
	29.59
	18

	China
	EE service
	3
	13
	
	13
	13
	13
	1

	China
	EE supply side
	43
	10.43
	3.23
	8
	8
	15.71
	8

	China
	Energy distribution
	20
	7.94
	1.73
	8
	5.76
	10
	3

	China
	Fossil fuel switch
	53
	8.38
	1.54
	8
	8
	15.28
	3

	China
	Fugitive
	4
	12
	0
	12
	12
	12
	1

	China
	Geothermal
	3
	10
	
	10
	10
	10
	1

	China
	Hydro
	1738
	9.44
	0.93
	10
	7
	14.86
	9

	China
	Landfill gas
	156
	7.87
	0.79
	8
	4.44
	12
	4

	China
	Methane avoidance
	149
	10.48
	2.34
	11
	7
	16
	9

	China
	Mixed renewables
	4
	8
	0
	8
	8
	8
	1

	China
	N2O
	62
	8.47
	4.13
	9
	4
	14.82
	4

	China
	PFCs and SF6
	2
	8
	
	8
	8
	8
	1

	China
	Reforestation
	8
	9.33
	2.31
	8
	8
	12
	2

	China
	Solar
	175
	7.84
	0.81
	8
	3.6
	8
	3

	China
	Transport
	10
	12.5
	0.71
	12.5
	12
	13
	2

	China
	Wind
	1614
	8.01
	0.13
	8
	8
	10
	2

	India
	Biomass energy
	659
	13.54
	3.55
	13
	10.25
	48.86
	71

	India
	EE households
	87
	10.82
	5.20
	8
	8
	25
	5

	India
	EE industry
	225
	12.93
	2.61
	12.5
	10
	18
	9

	India
	EE own generation
	245
	15.45
	4.30
	15.08
	8
	26.5
	39

	India
	EE service
	48
	10.10
	0.21
	10
	10
	10.48
	2

	India
	EE supply side
	77
	14.35
	1.96
	14
	11.5
	17.69
	13

	India
	Energy distribution
	6
	11.5
	0
	11.5
	11.5
	11.5
	1

	India
	Fossil fuel switch
	87
	13.95
	1.91
	13.34
	12
	18.75
	13

	India
	Fugitive
	23
	14.50
	3.32
	13.5
	12
	19.01
	3

	India
	Hydro
	329
	13.98
	2.37
	13.47
	8.25
	26.03
	130

	India
	Landfill gas
	61
	13.66
	2.11
	12.75
	10
	17.67
	14

	India
	Methane avoidance
	102
	13.032
	1.77
	12.75
	9.5
	17.7
	16

	India
	Mixed renewables
	13
	16.33
	0.92
	16.48
	14.99
	17.18
	5

	India
	PFCs and SF6
	2
	18.39
	
	18.39
	18.39
	18.39
	1

	India
	Solar
	211
	14.62
	2.82
	14.58
	8
	20.83
	34

	India
	Transport
	29
	13.09
	5.16
	13
	7.76
	21.46
	4

	India
	Wind
	1107
	14.78
	2.57
	14.54
	8.77
	22.85
	335
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Table 7. The number of CDM projects and registration rate by host country and project type
	Host country
	Biomass energy
	EE own generation
	Hydro
	Landfill gas
	Methane avoidance
	Solar
	Wind

	Brazil
	184
	14
	186
	92
	101
	1
	96

	
	26.09%
	21.43%
	52.69%
	58.70%
	66.34%
	100.00%
	63.54%

	Chile
	20
	1
	57
	26
	18
	47
	26

	
	60.00%
	100.00%
	59.65%
	61.54%
	38.89%
	42.55%
	84.62%

	China
	220
	497
	1738
	156
	149
	175
	1614

	
	63.18%
	42.05%
	76.29%
	66.67%
	63.09%
	93.71%
	93.68%

	India
	659
	245
	329
	61
	102
	211
	1107

	
	40.21%
	30.61%
	50.76%
	31.15%
	33.33%
	72.04%
	65.40%

	Indonesia
	38
	7
	33
	13
	111
	2
	0

	
	36.84%
	14.29%
	63.64%
	84.62%
	66.67%
	50.00%
	NA

	Malaysia
	73
	NA
	6
	22
	148
	0
	0

	
	57.53%
	NA
	83.33%
	40.91%
	56.76%
	NA
	NA

	Mexico
	20
	2
	15
	45
	164
	3
	38

	
	55.00%
	100.00%
	53.33%
	62.22%
	62.20%
	0.00%
	76.32%

	Philippines
	20
	2
	14
	11
	72
	1
	7

	
	25.00%
	100.00%
	78.57%
	54.55%
	58.33%
	100.00%
	42.86%

	Thailand
	57
	15
	6
	10
	149
	28
	5

	
	47.37%
	26.67%
	50.00%
	60.00%
	50.34%
	100.00%
	60.00%

	Vietnam
	25
	5
	227
	8
	33
	9
	7

	
	72.00%
	40.00%
	89.43%
	87.50%
	69.70%
	44.44%
	85.71%


[bookmark: OLE_LINK1]Notes: The table only shows host countries with more than 200 projects. To ensure data representation and sample size, we use the bold font here for the categories whose observations are over 1000, which can be used for our model construction and parameter calibration later.
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	Host Country
	Project Type
	N
	RRate
	Host Country
	Project Type
	N
	RRate

	Bangladesh
	Cookstoves
	118
	96.61%
	India
	Cookstoves
	289
	86.85%

	Brazil
	Hydropower
	16
	81.25%
	India
	Wind
	477
	73.38%

	Brazil
	Landfill Methane
	37
	48.65%
	Kenya
	Afforestation/
Reforestation
	15
	93.33%

	Brazil
	Afforestation/
Reforestation
	39
	71.79%
	Kenya
	Clean water
	56
	87.50%

	Brazil
	Biomass
	50
	90.00%
	Kenya
	Cookstoves
	115
	76.52%

	Brazil
	REDD+
	109
	73.39%
	Madagascar
	Cookstoves
	80
	83.75%

	Burkina Faso
	Clean Water
	22
	100.00%
	Malawi
	Cookstoves
	67
	77.61%

	Burkina Faso
	Cookstoves
	73
	67.12%
	Mexico
	Improved forest management
	281
	58.36%

	China
	Biomass
	32
	59.38%
	Mozambique
	Clean water
	18
	88.89%

	China
	Cookstoves
	25
	92.00%
	Mozambique
	Cookstoves
	50
	40.00%

	China
	Mine methane capture
	32
	87.50%
	Nigeria
	Cookstoves
	31
	51.61%

	China
	Rice emission reductions
	266
	10.90%
	Nigeria
	Clean water
	67
	92.54%

	China
	Improved forest management
	72
	41.67%
	Rwanda
	Clean water
	19
	63.16%

	China
	Solar
	34
	91.18%
	Rwanda
	Cookstoves
	90
	81.11%

	China
	Afforestation/
Reforestation
	79
	55.70%
	Turkey
	Solar 
	20
	80.00%

	China
	Sustainable agriculture
	60
	83.33%
	Turkey
	Manure methane digester
	66
	48.48%

	China
	Landfill methane
	87
	81.61%
	Turkey
	Landfill methane
	58
	58.62%

	China
	Hydropower
	116
	73.28%
	Turkey
	Hydropower
	186
	77.42%

	China
	Manure methane digester
	144
	68.06%
	Turkey
	Wind
	177
	83.62%

	China
	Biodigesters
	125
	92.00%
	Uganda
	Afforestation/
Reforestation
	21
	95.24%

	China
	Wind
	211
	78.20%
	Uganda
	Clean water
	54
	75.93%

	India
	Clean water
	24
	54.17%
	Uganda
	Cookstoves
	116
	81.90%

	India
	Sustainable agriculture
	41
	68.29%
	United States
	Sustainable agriculture
	16
	68.75%

	India
	Hydropower
	62
	80.65%
	United States
	Wind
	12
	100.00%

	India
	Biodigesters
	68
	91.18%
	United States
	Afforestation/
Reforestation
	31
	58.06%

	India
	Biomass
	118
	61.02%
	United States
	Manure methane digester
	32
	81.25%

	India
	Afforestation/
Reforestation
	100
	76.00%
	United States
	Improved forest management
	228
	64.91%

	India
	Solar
	154
	76.62%
	United States
	Landfill methane
	173
	90.75%


Notes: The table only shows the country-project-type category with more than 10 observations. To highlight contexts with low perceived non-additionality risks, we use the bold font here for the categories whose registration rates are over 90%.
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Requires demonstrating the
existence of barriers (e.g,
general financial risks,
technological risks, general
policy risks, incapability of
management) that would
prevent the project if not
registered.

No longer applied due to
lack of robustness: highly
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Requires demonstrating
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than at least one other
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Popular, but largely
depend on the availability
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Requires an assessment
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Define the project
categories that are
assumed to be additional.

Reduce controversial
loopholes and gaming,
but face difficulties in
considering country- or
sector-specific contexts
and require regular
updates to ensure
timeliness and validity.

Regulatory additionality tests

Target additionality tests
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