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Abstract: This paper studies the feasibility of CORSIA’s carbon neutral growth goal based on verified
carbon offsetting. It is motivated by an ongoing general debate about the climate and regulatory
integrity of carbon offsetting, thus systematically identifying critical carbon offset characteristics.
Using registry data from the largest carbon offset verifiers eligible under CORSIA, we show that the
majority of carbon offsets have minor climate integrity. This challenges CORSIA’s neutral growth
objective. However, unconditional offset price differentials are only weak signals for climate integrity.
To increase environmental effectiveness, a narrower scope of eligibility rules is necessary in order to
ensure maximum compliance of projects and strengthen the necessary price effect of carbon offsets.
However, it is highly questionable whether there is enough potential supply of offsets to ensure such
high integrity, indicating that carbon offsetting should be considered as a transitory measure only.
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In 2010, the International Civil Aviation Organization (ICAO) decided to achieve
Carbon neutral growth [1]. In 2016, ICAO adopted the Carbon Offsetting and Reduction
Scheme for International Aviation (CORSIA), requiring airlines to purchase carbon offset
credits for emissions above average 2019 levels on international flights starting in 2021.
Carbon offset projects reduce or store carbon dioxide or other greenhouse gas emissions,
by investing in renewable energy or the preservation of forests, for example, in order to
compensate for emissions elsewhere. In aviation, carbon offsetting is a potential second
best solution, because sectoral marginal abatement costs are relatively high and potential best solutions such as carbon taxes or cap and trade systems [2] have not proven
politically feasible.
CORSIA’s success will depend highly upon the offsets used. For example, storing
global emissions by planting trees has become widely considered as challenging due to
the lack of available land and the fact that the existence of large woodlands would have
to be secured forever, or for at least 100 years [3]. As a consequence, forest carbon credits
have been kept out of several key carbon markets, such as the European Union’s Emission
Trading Scheme [4]. Instead of carbon storage, carbon reduction by increasing energy
efficiency has become more popular for offsetting, although it is controversial as well.
Frequently, carbon reduction projects do not depend on offsets and would have occurred
anyway, which can induce adverse effects if policy makers do not implement policies to
address emissions [5].
Due to the ambiguous climate benefits of carbon offsetting, offset prices are important
to incentivize emission reductions in the buying sector. It is expected that a carbon price of
40–80$ per ton of CO2 e in 2020 would be consistent with achieving the Paris Agreement
of keeping temperature rise below 2 degrees [2]. Currently, the carbon offset market is
characterized by a structural oversupply. Today, offsetting a ton of CO2 under CORSIA
would cost less than one US Dollar. The drop in air traffic from the COVID-19 pandemic
makes it unlikely that the airline sector will be required to offset any emissions in the
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next several years [6], resulting in a window of opportunity for improving CORSIA’s
regulations.
This paper is motivated by these drawbacks of carbon offsetting. It tries to answer the
question of whether CORSIA is a feasible second best solution for the ICAO’s carbon neutral
growth goal. Therefore, we systematically identify critical offset characteristics. Based on
these findings, we empirically analyze the carbon offset market supply that is currently
eligible under CORSIA and discuss how the market will likely interact with airlines. We
focus on offsets’ carbon reduction potential and adverse effects. Furthermore, given today’s
high price variation of eligible carbon offsets (for example, a German nonprofit organization
called Atmosfair offers voluntary offsets for USD 28 per ton under the CORSIA-eligible
Gold Standard certification, whereas other Gold Standard offsets from other providers are
available for USD 3), we evaluate whether prices are useful as a signal for climate and
regulatory integrity.
While the basic economic idea behind carbon offsetting resembles cap and trade
systems, differences in their realization are huge. In both cases, differences in marginal
abatement cost allow cost-efficient emission reductions by trading CO2 permits. However,
cap and trade systems are capped in absolute terms, closed, and balanced. Increases need to
be counterbalanced by reductions, often in comparable general regulatory settings within
countries, sectors, or economic areas. In most cases, carbon offsetting is uncapped in
absolute terms and operates in segregated jurisdictions, potentially requiring extensive
bureaucracies to guarantee net emission reductions. Carbon offsetting and cap and trade
systems require monitoring, reporting, and verifying of emissions. However, offsetting
projects need to fulfill further criteria such as additionality, permanency, non-leakage
(climate integrity), and avoidance of adverse effects such as social oppression (regulatory
integrity). Quality standards have emerged to certify that most of these important criteria
are satisfied.
The complexity of carbon offsetting is expressed by its high transaction costs [7]. Under
CORSIA, projects verified by six organizations are eligible in order to offer a heterogeneous
portfolio of offsets from all over the world, with different sizes, types, investment costs,
developers, verifiers, and prices, even within standards. As a result, guaranteeing full
compliance for all registered projects is challenging and the probability of adverse selection
depends on project characteristics [8]. In order to better understand the potential drawbacks
of CORSIA-eligible offsets, we explain related critical characteristics and their consequences
for climate and regulatory integrity. Considering critical characteristics, we evaluate the
eligible offset supply using the registry data of the largest suppliers, Clean Development
Mechanism (CDM), VERRA, and Gold Standard (GS), which together account for two
thirds of all traded offsets [9].
This paper adds to the literature by focusing on characteristics of CORSIA eligible
offsets that jeopardize climate and regulatory integrity. In comparison with the related
literature, we connect theoretical consideration of critical offset characteristics with the
offset composition eligible under CORSIA using corresponding offset registry data. We
then discuss how airlines will interact with this offset market. Based on these findings,
we show how the eligibility criteria need to be adjusted in order to increase climate and
regulatory integrity under CORSIA, and discuss alternative regulation.
The results of our paper indicate that CORSIA’s eligibility criteria increase climate
and regulatory integrity. However, a series of challenges remain to achieve carbon neutral
growth. Nonetheless, there is high variation in eligible offsets, and many of them challenge
climate and regulatory integrity with a high probability. The literature has shown that
prices cannot be used as a signal for regulatory integrity [10]. Our results also indicate that
carbon offset prices cannot be used as a signal for climate integrity. Project characteristics
such as project type are much more important; however, if price does not determine
project integrity, then profit-maximizing airlines do not necessarily support offsets with
low integrity.
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The paper is structured as follows: in Section 2, we present the institutional and
technical background explaining the technical boundaries in aviation and critical offset
characteristics. In Section 3, we analyze the market for carbon offsets that are eligible under
CORSIA using registry data. Section 4 discusses our findings in light of alternative concepts.
Section 5 concludes the paper.
2. Institutional and Technical Background
This section highlights CORSIA’s institutional and technical background, which is
important in understanding why it has been implemented and why it has often been
criticized. We explain offset characteristics in more detail in order to increase awareness of
potential conflicts with climate and regulatory integrity.
2.1. Scope of CORSIA and Eligible Offsets
In October 2016, CORSIA was agreed at the 39th ICAO Assembly after decades
of difficult international negotiations (Assembly Resolution A39-3). CORSIA aims at
supporting ICAO’s Carbon Neutral Growth (CNG) goal from 2021 onwards. CORSIA is a
baseline-and-credit scheme. The baseline above which emissions have to be compensated
or abated was initially defined as the average total CO2 emissions of all international flights
under the scheme in the years 2019 and 2020, respectively. To reflect the COVID-19-related
decline in 2020, this was changed in the meantime to 2019 only. CORSIA is the first global
scheme for the limitation of aviation CO2 emissions. However, criticism has been raised
concerning CORSIA’s environmental ambitiousness, which we discuss below. CORSIA
will capture an increasing number of participating states over time. In the medium term,
roughly 90 percent of civil international air traffic will be included. CORSIA is a baselineand-credit scheme, requiring offsets for all CO2 emissions exceeding the 2019 emission
baseline. Of course, a number of exemptions apply. For instance, CORSIA only applies
to CO2 emissions from international flights, as ICAO is the UN Agency for international
civil air transport while domestic operations are fully under responsibility of the individual
states. Other exemptions refer to emissions from small aircraft with an MTOM below 5.7
tons, small emitters emitting less than 10,000 tons of CO2 annually, and humanitarian,
medical, and firefighting flights. As ICAO is responsible for civil operations only, military
and governmental flights are completely excluded. However, monitoring, reporting, and
verification (MRV) of CO2 emissions under CORSIA is mandatory for all ICAO contracting
states irrespective of any voluntary or mandatory participation. MRV obligations started in
2019. CORSIA consists of three phases: Pilot Phase (from 2021–2023), Phase 1 (2024–2026),
and Phase 2 (2027–2035). Whereas the Pilot Phase and Phase 1 are voluntary, participation
in Phase 2 is mandatory for all states with airlines accounting for more than 0.5 of global
international RTK in the year 2018. Only least-developed countries, land-locked developing
countries, and small island nations are exempted from this obligation. Of course, voluntary
participation is possible for any ICAO contracting state. Offset requirements are defined by
the routes flown. Only routes between participating states (‘CORSIA States’) are subject to
these offsetting requirements. Figure 1 summarizes CORSIA’s main characteristics.
In March 2019, the ICAO Council adopted Emission Unit Eligibility Criteria (EUCs)
which specify the requirements for carbon offset credits to be eligible under CORSIA.
Carbon-offsetting programs have to fulfil these requirements and need to be approved by
the ICAO Council as eligible programs. Currently, six offset program standards are eligible:
Clean Development Mechanism, Gold Standard, VERRA, American Carbon Registry (ACR),
Climate Action Reserve (CAR), and China Greenhouse Gas Voluntary Emission Reduction
Program (GHG). Among these programs, offsets are eligible from projects that started
their first crediting period from 1 January 2016 and in respect of emissions reductions that
occurred through 31 December 2020. Certain program specific offsets have been declared
as non-eligible [11].
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Figure 1. Principal design of the Carbon Offsetting and Reduction Scheme for International Aviation
(CORSIA). Notes: This figure highlights the principle design of CORSIA in 2021. Source: Own Figure
Maertens et al., Options to Continue the European Union Emissions Trading System for Aviation in a
CORSIA-World, Sustainability, 2019.

2.2. Technical Boundaries Justifying Offsetting
In the past, fuel efficiency in aviation has increased by around two percent per year.
These environmental benefits have been outpaced by sustained growth in air traffic, which
is likely to double in the next decade [12]. Under such growth scenarios, sector-wide net
emission reductions are very ambitious, especially because advanced technologies for clean
flying such as synthetic fuel are not yet in operation.
Offsetting seems to be particularly attractive for the air transport industry. This
industry is considered to be a ‘hard(er)-to-abate sector’, both for technological and economic
reasons. Marginal abatement costs in the aviation sector are considerably higher than in
other (transport) sectors. This is because fuel costs have a share of about one third of total
production costs in air transport; the sector has constantly been trying to cut fuel costs for
decades. Therefore, it is reasonable to assume that reducing fuel costs has been in the very
interest of the aviation industry for many years, and relatively less expensive solutions
have mostly been implemented.
Hydrocarbons, which are the root cause of the carbon emissions of air transport, can
be regarded for aviation applications as optimal energy carriers. They feature an optimal
combination of chemical characteristics, first and foremost energy density, along with
further properties (freezing point, handling safety, storability) and economic characteristics
such as ubiquitous availability and affordability.
Alternative energy carriers and propulsion technologies, which can be introduced in
ground transport with relative ease, do not work as technological equivalents in air transport. Batteries allow electrical aircraft for the foreseeable future to be operated with only a
small payload over distances of less than 500 km. Unless not currently foreseeable progress
in battery technology is made, long-haul flights will remain unfeasible on battery power.
While hydrogen would be technologically feasible, it is associated with numerous
disadvantages. First, an enormous amount of green electricity would be required to
produce hydrogen for the air transport sector alone. Second, storage and distribution is
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challenging due to its physical properties, such as the propensity to diffuse through tank
walls. Third, the low overall efficiency measured as a proportion of final energy content
available for propulsion to the energy input required to produce green hydrogen will
likely lead to relatively high prices. Fourth, the size and weight of hydrogen tanks would
reduce the energy efficiency of aircraft. Last, emissions of water vapor, contrails, and
nitrogen oxides (in the case of direct hydrogen combustion in gas turbines) at high altitudes
occur with hydrogen powered aircraft and contribute to so-called non-CO2 climate effects.
Aviation contributes to climate change by both CO2 and non-CO2 effects, such as ozone
and methane changes from NOx emissions or contrails and contrail cirrus. The climaterelevant effects from non-CO2 species can be even larger than the effects from CO2 [13].
Hence, even with an air transport sector hypothetically relying on hydrogen as energy
carrier, the need to offset climate impacts will be present to a certain extent. This similarly
applies to a situation where hydrocarbons synthetized from water and CO2 captured from
ambient air under utilization of green electricity would be utilized. While the CO2 would
be subject to a circular economy where the same amount of emitted CO2 is captured and
recycled to produce new hydrocarbon fuels, the non-CO2 effects of water vapor, contrails,
cloud-inducing ice crystals and nitrogen oxides would persist.
Hence, a completely climate-neutral aviation system is far from being realistic in the
foreseeable future, and mitigation of climate impacts of aviation by other means remains
a necessity.
2.3. Challenges for CORSIA’s Climate and Regulatory Integrity
Most challenges for regulatory and climate integrity differ by project type, region, and
size, and some are unilateral. By implementing safeguard clauses and verification and
monitoring procedures, CORSIA-eligible verification standards try to ensure the climate
and regulatory integrity of carbon offsetting.
For a better understanding of the eligible carbon offset market under CORSIA, it is
important to know that the CDM which laid the foundation of certified offsetting started
as a cost-efficient scheme for developing countries to comply with emission reduction
targets. Compared with today’s certification procedures, offsets were less regulated [14,15].
Moreover, no particular institutional or financial incentives have been implemented that
benefit local communities. As a response, private programs such as the Gold Standard have
developed project methodologies take sustainable development benefits and safeguard
clauses into account [16]. Offset portfolios and certification procedure have been adjusted in
response to shortcomings in regulatory and climate integrity. For example, Gold Standard
has decided to exclude controversial project types such as large dams from its portfolio [17].
The CDM has regularly adjusted its monitoring and verification methodology. As a result,
project-specific characteristics are much more important for integrity than differences
between verification standards [10]. However, challenges remain.
2.3.1. Additionality
Additionality is a basic problem in identifying offsets’ net carbon reductions. The
climate effect of carbon offsets hinges on whether the project would have occurred in its
absence. If the project would have been conducted anyway, emissions are not reduced by
the offset scheme, and are therefore not additional. All project types face the problem of
additionality stemming from asymetric information and uncertainty. Due to asymmetric
information, the opportunity costs of investors are private knowledge in the form of
investment decisions, leading to a free-riders problem by generating additional revenues
with carbon offsets. It can be argued that additionality is an inherently uncertain concept
due to its dependence on an unobservable counterfactual scenario [18]. Even if it were
known that carbon offsets are necessary for today’s investments, there would be uncertainty
as to whether tomorrow’s investors would have invested in the same project without carbon
offsets. Later investments could be driven by changes in legislation or efficiency gains. For
example, many countries have introduced legislation to support the use of efficient lighting,
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which has been within the scope of several offset projects [19]. Ensuring additionality
from nature-based solutions requires an accurate baseline that provides the volume of
emissions that would have occurred in the absence of that project. In the case of forestbased carbon storage, the uncertainty of baselines is relatively high [20]. Furthermore,
inappropriate tree planting on natural grasslands and peatlands can represent an additional
challenge by adding more carbon to the atmosphere than they take up as carbon-rich soils
are disturbed [21,22]. In terms of additionality, small-scale projects outperform large-scale
projects due to lower economic returns of scale. Most large-scale projects would have
occurred independent of offsetting investments either due to their high profitability or due
to public investment [5].
2.3.2. Adverse Effects
Adverse effects can challenge carbon offsetting. From the perspective of policy makers,
carbon offsetting is complex. It brings together subjects from very different jurisdictions,
usually highly regulated carbon emitters and carbon savers that operate in less developed
and regulated markets. Frequently, it is not only carbon that is traded, it is regulation of
economic activity, which increases the risk of adverse effects such as social oppression
or damage to biodiversity. In the case of adverse effects, risk factors include the location,
project type, and project size. Furthermore, there is substantial variation in co-benefits and
adverse effects across different project types [23–29]. Biomass, land-use, and wind projects
contribute more co-benefits and fewer adverse effects compared to projects targeted on
industrial emissions or large dams [14,23,30]. However, variation can be high even within
the same project type. For example, the probability of social oppression or negative effects
on biodiversity is higher for large-scale projects independent of the project type [31–35].
Currently, small-scale energy efficiency projects targeted to local populations, such
as cook stove projects which replace fireplaces with efficient stoves, tend to be the best
offsetting practice, especially due to the context of high financial need. From an economic
point of view, it appears counterintuitive to invest in inefficient projects. However, this is a
simple mechanism to guarantee additionality, and is often used in carbon offset standards.
The less profitable a project is, the less likely it is that a private investor would have invested
in it anyway. However, the corresponding literature does not analyze how such inefficient
investments affect the local economy in the longer term. In theory, they could crowd
out more efficient and longer-lasting investments that would have been installed by the
local government due to political pressure or by local businesses, thus reducing economic
growth [36].
For this reason, the current best practices in offsetting potentially induce a trade-off
between additionality and adverse effects. While the importance of this might be limited
today due to the small share of such projects, it could became sizable if offsetting increases
in importance. More importantly, if projects have a negative impact on the local population
they are less likely to be maintained as carbon stores in the long term [37,38].
2.3.3. Permanency and Carbon Leakage
Permanency and carbon leakage are two major challenges in ensuring effective net
carbon reductions. However, non-permanency and carbon leakage are problems that
are specific to certain project types, especially projects based on natural carbon storage
such as reforestation. By declaring regions as protected, carbon leakage may occur if the
agricultural industry simply shifts to unprotected locations. Non-permanency occurs,
for example, if carbon releases are only delayed. Guaranteeing permanency of carbon
storage is important, as it can only develop its climate effect if storage is guaranteed for
at least 100 years, assuming that climate change will have been solved by that time [3].
Ironically, climate change challenges natural carbon storage, as it increases the risk of
wildfires or drought [39]. Furthermore, human activity affects permanency if the stored
biomass competes with other economic interests the economic value of which we do not
yet know today [40]. Therefore, the project region can have a sizable impact on the climate
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integrity, especially with respect to carbon leakage of land use projects. The more attractive
the land used for reforestation is for agricultural production, the higher the probability of
carbon leakage by cutting unprotected forests as a substitute. Thus, climate integrity is
higher in areas with degraded peatlands, for example, which are no longer in agricultural
use [41]. The scale of activities matters for permanence risks and leakage as well. Largescale forest programs, for example, are more difficult to control and predict considering the
size of territories, political priority shifts, oscillations in price of agricultural commodities,
and variations in government budgetary spending for forest protection [4].
2.3.4. Assessment Procedures
While assessment procedures improve the climate and regulatory integrity of carbon
offset projects, they come with their own costs. Safeguard clauses have been developed to
identify and reduce adverse effects and verification and monitoring processes have been
implemented to ensure additionality, permanency, and avoidance of carbon leakage [16].
However, assessment is partially subjective, as project characteristics are difficult to validate [26] and core indicators can be subject to manipulation [31]. Many certified offset
projects are suspected of not being effective in terms of net GHG reduction [5,19]. A critical
challenge is determining the optimal balance between compliance and supply. If quality
standards are too stringent, desirable projects may not participate [42]. Satisfying requirements with respect to additionality, permanence, and avoidance of adverse effects increases
transaction and investment costs. For example, where there is a risk of non-permanence,
verification standards require carbon offset projects to insure against it by making use of
buffer accounts. Projects contribute a share of carbon credits to a buffer account and, in
case of reversals, an equivalent number of buffer credits are canceled. This creates high
opportunity costs. These may be reduced by simplifying validation processes, although
at the cost of lower climate and regulatory integrity [7]. As a result, adverse selection
challenges offset standards [43,44]. Large-scale projects have lower transaction costs than
small-scale projects, and transaction costs vary between project types. For example, they
are on average lower for carbon storage compared to carbon reduction [45].
2.3.5. Other Unsolved Issues
Outside the scope of verification standards, several additional unsolved issues remain.
One example is double counting, where the same emissions reduction is counted by both
the host country and the offset purchaser. Prior to the Paris Agreement this was less of a
concern, because only developed countries had absolute emission reduction targets. As
countries with a reduction target were able to purchase offsets from countries without
such targets, the risk of double counting was less relevant. Under the Paris Agreement,
all parties have absolute emissions reduction targets. Therefore, it must be ensured that
emission reductions counted for offsets are not also counted by the host country’s Paris
target as well. It remains unclear how such double counting can be avoided [46].
Taken together, there are several trade-offs between additionality and adverse effects
on the one hand and permanency and leakage on the other. Carbon reduction projects
suffer more from additionality and adverse effects, while carbon storage schemes such as
reforestation are more prone to permanency problems and carbon leakage. Furthermore,
there is a trade-off between transaction costs and additionality with regard to project size.
Transaction costs are low for large-scale projects; however, large-scale projects have a lower
probability of being additional.
3. CORSIA’s Carbon Offset Market
In this section, we describe the current carbon offset market using registry data
from the three most important offset certification programs under CORSIA, namely, Gold
Standard, VERRA, and CDM. After describing CORSIA’s offset market, we analyse the
carbon offset price as a signal for climate and regulatory integrity. We focus on variation in
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program standards, project types, and sizes, as Section 2.3 has shown how important these
characteristics are to assessing offset quality.
3.1. Market Composition
The regulated carbon offset market in form of the CDM has lost relevance in the
last decade due to limits on the use of offsets in the European Union Emissions Trading
System (EU ETS) being reached and to the delay in agreement on a new successor regime
for the Kyoto Protocol [47]. Nevertheless, the market rationale survived in the private
sector through a host of voluntary carbon offsetting schemes regulated by private offset
certification programs. Offsets are traded on the secondary market, on stock exchanges, or
by being directly purchased from the initial offset project. The governance of the voluntary
offset market is loosely structured.
While offsetting standards set the rules and monitor compliance, there are a number
of different types of organizations that generate the offset supply. They may span the
entire process, from initiating and implementing greenhouse gas reduction projects and
managing their assessment and verification to selling the resulting credits to emitters. Other
offset organisations act more like brokers, simply buying and selling offsets [48]. Offset
projects are regionally centralized, predominately located in the Global South due to lower
marginal abatement costs and development assistance. For example, 60% of the total CDM
supply potential comes from China alone [49].
The carbon offset market is concentrated among carbon offset project types. In 2019,
around 100 Million tonnes of CO2 equivalents were traded [50]. Renewable energy (RE)
and forestry and land use are the most important offset types by far, representing 79% of
offsets traded in 2019 (see Figure 2). For example, projects which focus on the exchange of
household devices with less energy consumption (HH), such as cook stove projects, only
accounted for 6.4% of all traded offsets in 2019.
Offset certification programs are highly concentrated in private companies. The most
common standard is VERRA’s Verified Carbon Standard, accounting for around 60% of
all offset transactions in 2019. Other popular standards are Gold Standard (17%), CDM
(8%), Climate Action Reserve (8%), and American Carbon Registry (3%), all of which are
eligible under CORSIA (see Figure 2). Public standards lost importance, as the small share
of CDM transactions indicates, due to the collapse of the market in the early 2010s. As
a result, only one third of CDM projects have continued to issue offsets. However, the
majority of projects continue GHG abatement without issuing offsets, while other project
developers have gone bankrupt [19,51]. Especially vulnerable projects did not survive [52].
Nonetheless, the CDM has by far the largest capacities of carbon offsets, although other
certification program standards could steadily increase their supply (see Figure 3a).
OthersAmerican Carbon Registry
Climate Action Reserve
CDM

VERRA

Gold Standard

(a)

Industrial
Others

Waste
HH
Forestry

RE

(b)

Figure 2. Market share of program standards and project types in 2019. Notes: Panel (a) shows
the market share of carbon offset certification programs in 2019 based on traded carbon offsets.
Panel (b) shows the market share of carbon offset project types in 2019 based on traded carbon offsets.
RE: Renewable Energy; HH: Household energy efficiency, Forestry: Forestry and land use; Waste:
Waste handling; Industrial: Industrial processes; CDM: Clean Development Mechanism; GS: Gold
Standard; ACR: American Carbon Registry; CAR: Climate Action Reserve; GHG: China Greenhouse
Gas Voluntary Emission Reduction Program. Source: Donofrio 2020, own illustration.
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CORSIA’s selection of eligible certification program standards is essential for the
project type composition of CORSIA’s offset supply, as private standards tend to specialize
their offset portfolio. Figure 3 shows the program standard-specific composition of offset
project types over time by focusing on those three project types per program standard
that deliver the largest relative amount of offsets. Smaller project types are summarized
under ‘others’. Figure 3b shows that the composition of the CDM is heterogeneous and
constant over time. Wind is the most important source, accounting for 16% of supply in
2020, followed by projects that reduce coal mine methane and biomass energy projects,
both accounting for around 6% of supply in 2020. Other project types that were smaller
than 6% accounted for 71% of supply in 2020. Figure 3c,d shows that the project type
composition of Gold Standard and VERRA has become more dynamic. For example, the
Gold Standard was heavily focused on wind energy 13 years ago. It has diversified, and is
now the leading program standard for domestic energy efficiency projects, which account
for 27% of Gold Standard’s total offset supply in 2020. VERRA, on the other hand, has
become today’s leading supplier for land-use projects such as reforestation. However, wind
energy remains the most important source of offsetting supply in general.
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Figure 3. Supply of carbon verification standards programs and share of offset types by program.
Notes: Panel (a) shows the cumulative issued carbon offsets of the CDM, Gold Standard, and VERRA
over time. Panels (b–d) show the time-varying share of carbon offset projects types for cumulative
issued carbon offsets of the CDM, Gold Standard, and VERRA. Source: Own calculation.

Offset certification programs also differ with respect to project size. Figure 4a shows
that the large majority of offset projects are very small, irrespective of the program. The
Gold Standard has the largest share of small scale projects. However, Figure 4b reveals
that a naive look on the number of small scale projects would be misleading. For example,
the largest 20% of offset projects account for 60% of total Gold Standard supply. In case
of the CDM, the largest 20% account for 50% of offset supply. VERRAs total offset supply
is almost entirely based on large-scale projects. The CDM portfolio is more divers with
respect to project size than VERRA or Gold Standard.
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Figure 4. Distribution of carbon offset supply by project size. Notes: Panel (a) shows the distribution
of the normalizes project size measured in ktCO2 for CDM, Gold Standard and VERRA. Panel (b)
shows the share of different project sizes for the total total supply for for CDM, Gold Standard and
VERRA. Source: Own calculation.
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Section 2.3 has shown the difficulties that arise when selecting offsets. Furthermore,
Section 3.1 indicates the heterogeneous compositions of offset portfolios by program standard. In the following, we analyze how well prices can be used as a signal to identify offsets
with high climate integrity. Offset prices can reflect differences in offsets’ integrity [53] and
influence their trade volume [54]. Carbon offset prices vary substantially by certification
program standard and project type. According to Figure 5, there was sizable variation in
the amount and price of traded offsets eligible under CORSIA in 2019. Figure 5a shows
a negative relation between the program standards trade volume and the average traded
prices of the program standards’ offset portfolios. VERRA accounted for almost two thirds
of traded carbon offsets in 2019 and offered the lowest prices of relevant program standards
by far, stemming from renewable energy (see Figure 5b, which is the cheapest offset type
(see Figure 5b).

(b)

Figure 5. Variation in market share and price of offset verification programs and project types in 2019.
Notes: Panel (a) shows 2019 traded offset volume in mtCO2 e and price (in USD) per offset program,
while Panel (b) shows the same for offset types. RE: Renewable Energy; HH: Household energy
efficiency, Forestry: Forestry and land use; Waste: Waste handling; Industrial: Industrial processes;
CDM: Clean Development Mechanism; GS: Gold Standard; ACR: American Carbon Registry; CAR:
Climate Action Reserve; GHG: China Greenhouse Gas Voluntary Emission Reduction Program.
Source: Marketplace 2020, own illustration.

Figure 5b shows that the relationship between price and trade volume is not as strict as
Figure 5a suggests, because forestry and land use was the second most traded type in 2019
and the most expensive offset type on average. This is in line with other findings showing
that carbon offset markets are not only determined by prices. Buyers are interested in
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credits which match their firm’s characteristics, and ’co-benefits’, project type, and location
seem to become increasingly important [9,55]. If buyers are not only interested in profit
maximization, it would be interesting to know whether higher prices indicate higher offset
integrity for them. On the contrary, if buyers are profit maximizers and favor the cheapest
offsets, it would be important to know whether this would support offsets with minor
climate impact.
In the following, we analyze whether offset prices can be used as a signal for climate
integrity using the CDM registry data. This dataset is publicly available and includes
detailed information such as the internal rate of return (IRR), IRR benchmarks, project
types, amount of generated offsets, and prices of 3496 registered offset project under
the CDM. Unfortunately, VERRA and GS do not provide registry data with such a high
level of detail; therefore, we focus on the CDM-registry data. We regress prices of offset
projects using the difference between their internal rate of return, IRRi , and its benchmark,
IRRbenchmark .
The internal rate of return of an investment is used to estimate the profitability of
potential investments. It is the discount rate that makes the net present value of an
investment zero. The net present value is the current value of an investment based on
discounted future cash flows. Generally speaking, the higher an internal rate of return,
the more desirable an investment is to undertake, as it allows very high discount rates.
IRR benchmarks are available for each project type, typically based on local capital costs.
IRR benchmarks indicating a threshold for IRR above offset projects are considered as
non-additional, because such projects would be profitable without offsets [53]. Therefore,
in the following we call the difference between the internal rate of return and its benchmark
the additionality indicator.
Figure 6a shows the explained variation of the additionality indicator for major offset
characteristics. It starts with a regression on the left hand side, where the additionality
indicator is regressed on individual offset prices; from left to right, single independent
variables such as the offset location are included. The figure indicates that most of the
variation in the additionality indicator derives from the project type and the PDD Consultant (the firm that prepares the project design document and accompanies it through the
whole process). This is in line with our findings in Section 2.3, highlighting the importance
of project type with respect to climate and regulatory integrity. The project size, which is
in general an important aspect for climate and regulatory integrity, is not reflected in the
additionality indicator. The unconditional price, however, does not explain variation in the
additionality indicator.
Figure 6b plots the additionality indicator against the offset project price. The blue
line shows a bivariate correlation between additionality indicator and price, indicating no
correlation. The red line shows the additionality indicator and price conditional on the
project type, region, size, PDD, validator, and year of establishment. The figure shows
a statistically significant but economically insignificant correlation. High price increases
are necessary for a slight increase in additionality. Detailed numbers for Figure 6a,b are
shown in Table A1 in the Appendix A. These results indicate that offset prices cannot be
used as a signal for climate integrity. Across offset projects, higher prices do not increase
additionality. Within similar project types, very high price differentials are necessary to
slightly increase the likelihood of additionality. Instead, a closer look at other project
characteristics is necessary to reveal integrity.
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Figure 6. The relationship between climate integrity and project characteristics. (a) Explained
variation of climate integrity; (b) Climate integrity and prices. Notes: Panel (a) shows the relationship
of ( IRRbenchmark − IRRi ) and offset price unconditional and conditional on project type, region and
year. Panel (b) shows the explained variation of ( IRRbenchmark − IRRi ) for major offset characteristics.
From left to right, single independent variables are additionally included. Price: CDM price in
USD/tCO2; Year: Year dummy credit starts; Type: Project type dummy of the offset project, such as
Solar, Reforestation etc.; Region: Region dummy hosting the project: Africa, Europe and Central Asia,
Latin America, Asia and Pacific, Middle-East; Size: Expected accumulated ktCO2e of the project; Vali.:
Validator dummy, containing the name of the Designated Operational Entity validating; PDD: PDD
Consultant dummy, containing the name of the company, organization, etc., that have contributed
the baseline calculations of the project. Source: Own calculation.

4. Discussion
Actual competition in the airline sector varies between different direct and indirect
origin–destination markets [56]. Competition may occur from other modes of transport
(e.g., cars and trains) on short hauls, from other airlines operating on the same city pairs (or
even airport pairs), and from other hub airlines operating alternative routings between a
given origin and destination. Consequently, in many cases passengers have a choice between different travel options. Along with other factors (subsidization of carriers, political
influence, overcapacities, seasonality of demand), this may partly explain why airlines tend
to historically operate with low margins [57].
As a result, it is reasonable to assume that under CORSIA airlines will have the
incentive to buy the cheapest offsets available. While this is not per se ineffective from
an environmental view, as our results have shown that the offset price is not a sufficient
indicator for the offsets’ integrity, we can expect the demand for offsets (from the airline
sector) to rise significantly once the COVID-19 crisis has been overcome and air transport
begins to surpass 2019 (the baseline year) volumes. This will automatically mean that offsets
with low integrity will be purchased, especially as there will hardly be any additional
willingness to pay for a premium in offset quality.
While the issue of potentially low offset integrity is less critical for the private voluntary
offset market, low offset integrity in a large-scale legally binding setting such as CORSIA
lulls industries, policy makers, and eventually consumers into a false sense of integrity.
The only way to increase the effectiveness of CORSIA would hence be a drastic
increase of offset requirements with regard to additionality, non-leakage, and permanence,
along with improved monitoring and reporting standards. As a result, offset prices would
significantly rise. This is unlikely to be accepted at the ICAO level.
However, from an environmental point of view, the situation is urgent now. The
impacts of climate change are tangible and technological solutions are only feasible in the
long term. In the short term, an alternative approach could be a ‘laissez-faire’ approach
regarding CORSIA offset requirements and convincing or forcing a growing number of
airlines to voluntarily buy additional better offsets from small-scale well curated projects,
or to introduce more ambitious requirements at regional levels, e.g., in the EU.
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‘EcoLabelling’ for offsets could be a way to do this, as is known from animal welfare
labelling in the meat industry in countries such as Germany, where labels differentiate
between, e.g., a lowest score for meat meeting the legal requirements and a highest score
for organic meat [58]. Airlines under public ownership could be forced by their public
shareholders to buy higher quality offsets, and other airlines might jump at the opportunity
for marketing reasons.
However, the more relevant carbon offsetting becomes as an instrument for climate
legislation and the more it becomes present in public awareness, the more important
rebound effects become. Offsetting negative externalities of consumption increases its
utility by lowering the shame of consumption, thereby increasing demand [59]. Such
rebound effects can become a serious problem in a situation where carbon offsetting does
not hold its net carbon reduction promises, potentially resulting in a net carbon increase.
CORSIA’s rebound effects should be addressed by future research.
5. Conclusions
In this paper, we show that carbon offsetting, even under well established program
standards, can barely support its promise of climate neutral growth in aviation. This finding
is based on a systematic review of carbon offset characteristics with regard to climate and
regulatory integrity and an empirical analysis of the registry data of the most important
offset standards under CORSIA.
These findings have implications for policy. Based on carbon offsets, CORSIA was
launched to ensure climate-neutral growth in international flights from 2021 onwards.
Thus, airlines need to compensate every additional ton above the 2019 baseline with one
equivalent ton released by carbon offset projects. The eligibility criteria established by the
ICAO Council specify the requirements for offsets that can be used, currently resulting in
six eligible offset program standards.
CORSIA’s climate-neutral growth aspiration would require every offset to mirror
net carbon reduction. Many offsets eligible under CORSIA cannot guarantee this, facing
the three major challenges of additionality (carbon reductions would not have occurred
without the offset project), non-leakage (carbon reduction somewhere does not increase
carbon emissions somewhere else), and permanency (today’s reduction might be released
tomorrow). Ensuring maximum climate integrity under CORSIA would dramatically
reduce the carbon offset supply and increase transaction costs. This stems from the fact
that while all eligible offset programs offer projects with high integrity, most of their
offset supply is generated in large-scale projects considered to have low integerity, such as
renewable energy projects. However, CORSIA’s financial attractiveness is based on these
offsets.
Another critical characteristic of eligible carbon offsets are adverse effects. Program
standards have considerably improved their regulatory integrity by implementing safeguard clauses which take effects on the local community into account. However, while
direct effects on the local community, such as social oppression, can be reduced by monitoring compliance with safeguard clauses, indirect effects such as crowding out are more
difficult to observe.
If airlines are not only interested in profit maximization, it would be interesting to
know whether higher prices indicate higher offset integrity for them. On the contrary, if
airlines are profit maximizers and favor the cheapest offsets, it would be important to know
whether this would support offsets with minor climate impact. Our results show that offset
prices cannot be used as a signal to maximize climate integrity. Projects with higher offset
prices do not guarantee a higher likelihood of additionality.
To ensure the maximum climate and regulatory integrity of CORSIA, policy makers
should consider prioritizing carbon reduction projects that are relatively small, aiming
at energy efficiency at the consumer level and selected carbon storage projects. Positive
examples exists among established climate programs. In the case of small energy-efficient
projects, several climate programs have focused on such projects, including the World
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Bank’s Pilot Auction Facility for Methane and Climate Change Mitigation and the Norwegian purchase program. However, the current supply of such offsets is extremely low and
does not meet CORSIA’s demand [60]. Furthermore, it is unclear whether there is enough
potential supply. Thus, we emphasize the importance of natural carbon storage under high
standards despite its own major weaknesses in order to achieve urgent large-scale carbon
reductions and mitigate climate change.
Taken together, our results reveal carbon offsetting as a weak second best solution to
achieving carbon neutral growth, which should be considered as transitional. This is in
line with the findings of the 2022 IPCC report arguing that CORSIA will not sufficiently
decrease aviation carbon emissions in order to be consistent with the temperature goals
of the Paris agreement [61]. In order to move closer to the aspiration of carbon-neutral
growth, CORSIA’s eligibility criteria need to improve. Moreover, airlines should be further
encouraged to invest more in advanced technologies for clean flying. Carbon cap-and-trade
schemes can provide important incentives for this.
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Appendix A
Table A1. Climate integrity and prices.
Dependent Variable: IRR Benchmark—IRR

Price in $
Year FE
Project size
Project type
Project region
PPD consultant
Validator
Observations
DF
R2
Adjusted R2

(1)

(2)

(3)

(4)

(5)

(6)

0.007
(0.013)

0.000
(0.013)

0.088 ***
(0.011)

0.041 ***
(0.012)

0.068 ***
(0.013)

0.070 ***
(0.013)

Yes
No
No
No
No
No

Yes
Yes
No
No
No
No

Yes
Yes
Yes
No
No
No

Yes
Yes
Yes
Yes
No
No

Yes
Yes
Yes
Yes
Yes
No

Yes
Yes
Yes
Yes
Yes
Yes

3496
3475
0.000
−0.000

3496
3474
0.021
0.015

3496
3455
0.383
0.375

3496
3413
0.450
0.437

3496
2858
0.670
0.597

3496
2821
0.682
0.606

Notes: This table displays the OLS results for the effect of CER prices USD/tCO2 on differences between the
offset project IRRi and ( IRRbenchmark − IRRi ). Each coefficient is the result of a separate regression of offset prices
on ( IRRbenchmark − IRRi ) using a different set of controls. Year FE: Year fixed-effect for the year the credit starts,
Project type: Project type dummy of the offset project, such as Solar, Reforestation etc., Project region: Region
dummy hosting the project: Africa, Europe and Central Asia, Latin America, Asia and Pacific, Middle-East,
Project size: Expected accumulated ktCO2 e of the project, Validator: Validator dummy, containing the name of the
Designated Operational Entity validating, PDD consultant: PDD Consultant dummy, containing the name of the
company, organization etc. who have contributed with calculations of baseline the project. Standard errors are
clustered at county level and displayed in parentheses Significance levels: ***: p < 0.01.
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