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Our assessment of the greenhouse-gas emissions MRV — as 
practised in the climate economy — is based on the mate-
rial produced for an upcoming book on the same topic1. 

‘Climate economy’ is here extended to any incentive for a set of 
economic stakeholders to reduce their greenhouse-gas (GHG) 
emissions. The incentive is often a hard economic one (for exam-
ple a carbon tax), but it can take softer forms, such as reputational 
incentives attached to meeting an emissions reduction pledge for 
a country, local government or a company, or branding incen-
tives derived from environmental labelling (for example carbon 
footprint of products). This scope corresponds to what Ascui and 
Lovell2 refer to as the ‘market-enabling’ frame for carbon account-
ing, although this largely overlaps with the ‘political frame’ when 
jurisdictions such as countries or cities are the object of the carbon 
pricing and/or management mechanism (CPM).

Fifteen schemes are reviewed here (Table 1). In the tables and 
figures, project-scale CPMs are grouped or duplicated by type (for 
example N2O emissions in agriculture), which is why the number of 
categories does not always add up to 15. The selection criteria were 
primarily designed to cover the most important existing CPMs. 
The importance of each scheme was assessed in terms of number 
of entities concerned, amount of emissions concerned, longevity of 
the scheme, and amount of money at stake. Priority was given to 
compliance schemes: that is, schemes designed by a regulator who 
issues clear and mandatory guidelines and who has some means 
of enforcing the guidelines. This unique set of guidelines allows 
us to state what the existing MRV requirements are, rather than 
describing how some entities proceed in terms of MRV within a 
flurry of different approaches. Within the schemes of lesser impor-
tance, priority was given to those that presented an original feature 
(for example the inclusion of the waste sector in the Australian 
carbon pricing mechanism). Forty-one systematic questions were 
asked for each scheme (see Supplementary Information), and the 
relevant literature (peer-reviewed articles, reports, regulatory texts, 
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regulatory impact assessment and so on) was reviewed to help 
provide answers. 

Definitions
‘Monitoring’ covers the scientific part of the MRV process. It involves 
getting a number for each variable part of the equation that results 
in the emissions estimate. This ranges from direct measurement of 
gas concentration using gas meters to the recording of proxies such 
as fuel consumption based on the bills of a given entity. The use of 
proxies is common practice, through the general equation:

activity data × emission factor = GHG emissions

where activity data are the proxy (for example fuel consumption, 
heads of cattle) and emission factor is the conversion factor (tonnes 
of CO2 per litre of burnt fuel, tonnes of CO2-equivalent per animal 
per year). Both activity data and emission factor change over time 
and hence need to be monitored. Activity data nevertheless tend to 
vary more frequently than emission factors.

‘Reporting’ covers the administrative part of the process. It 
involves aggregating and recording the numbers, explaining how 
you came up with them in the requested format, and communicat-
ing the results to the relevant authority, such as the regulator or the 
top management of the company.

The purpose of ‘verification’ is to detect errors resulting from 
either innocent mistakes or fraudulent reporting. It is usually con-
ducted by a party not involved in monitoring and reporting, who 
checks that these two steps were conducted in compliance with the 
relevant guidelines.

MRV scale
Although not plentiful, the existing literature on MRV in climate 
economics agrees on three possible scales that greatly influence how 
MRV can be conducted: jurisdiction, entity and project3–5.
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The ‘jurisdictional scale’ includes all emissions occurring 
within a given geographical area such as a country or an admin-
istrative region. All activities and entities operating within the 
area are considered. Examples include national GHG inventories 
supervised by the United Nations; regions or cities that have com-
mitted to a voluntary or statutory cap on emissions; and juris-
dictions engaged in a programme for reducing emissions from 
deforestation, forest degradation and other changes in forest 
carbon stocks (REDD+). Although the last example is restricted 
to forest-related emissions, it still includes all those occurring 
within the jurisdiction, no matter the activity or entity responsi-
ble for them.

The ‘entity scale’ includes emissions related to the operations 
of a given public or private entity. In a few cases, all the emis-
sions of the entity are included, such as businesses participating 
in the Carbon Disclosure Project or entities mandatorily report-
ing their emissions under the ‘Grenelle II’ French environmental 
law enacted in 2010. Most often however, only the emissions cor-
responding to a restricted set of operations are included. This is the 
case for mechanisms putting an explicit price on carbon such as the 
European Union Emissions Trading System, the Australian carbon 

tax or the Californian Emissions Trading Scheme. In those cases, 
the MRV occurs at the scale of individual facilities.

The ‘project scale’ includes emissions stemming from specific 
emissions reduction projects. These projects are often focused on 
a given activity, such as destroying an industrial gas or spreading 
the use of efficient cookstoves. The number of entities and the geo-
graphical area considered are then adapted ad hoc to the considered 
activity. The main example is offset projects, be they certified by the 
dominant Clean Development Mechanism of the United Nations, 
or by other standards such as the Verified Carbon Standard or the 
Gold Standard. As opposed to the two other scales, at the project 
scale the MRV of GHG emissions is always combined with the 
MRV of GHG emissions reduction: both the project emissions 
and its counter-factual — or baseline — emissions are monitored, 
reported and verified at the same time, and along the same rules.

Dealing with uncertainty
The last important concept for this Review is the uncertainty associ-
ated with emissions MRV. This concept involves a flurry of terms 
that are not always understood in the same manner. We adopt the 
terminology of the IPCC6: uncertainty corresponds to the difference 

Table 1 | MRV costs across CPMs. 

MRV 
scale

CPM or group of CPMs Standard or regulation Cost per entity 
(€ yr–1)

Cost per emission 
(€ per tCO2e)

Share of verification 
in total MRV costs

Original 
sources

Ju
ris

di
ct

io
n

National inventories United Nations Framework 
Convention on Climate Change 
(UNFCCC) 

 800,000 0.02 22% 1,28–30

Subnational inventories (Group 
of 3 CPMs)

Global Protocol for Community-Scale 
Greenhouse Gas Emissions (GPC); 
Covenant of Mayors (Cm); Bilan 
Carbone Territorial (BCT) 

 18,500 0.003 0% 31

Jurisdictional REDD+ Verified Carbon Standard (VCS)  145,000 0.40 24% 32–40

En
tit

y

EU ETS Monitoring and Reporting Regulation 
(MRR), Verification Regulation (VR) 

 22,000 0.07 40% 25,26,41–47

Landfills in the Australian CPM National Greenhouse and Energy 
Reporting Act (NGER) 

 4,862
(M&R only) 

0.22 64% 48–50

Imported electricity in the 
Californian ETS

MRR  73,000 0.14 Not available 51–54

Shenzhen ETS Specification with guidance for 
quantification and reporting of 
the organization’s GHG emissions 
(SZDB/Z 69) 

 No data No data No data

Company-level footprint (group 
of 3 CPMs)

French Grenelle II law Article 75; 
French Grenelle II law Article 225; 
Carbon Disclosure Project (CDP)

77,000a No data No data 55

Pr
oj

ec
t

Offset projects (CDM, all 
sectors)

Clean Development Mechanism 
(CDM) 

 55,000 0.57 32% 32,34,36,37, 
39,56,57

Agricultural N2O projects (group 
of 4 CPMs)

Climate Action Reserve (CAR); VCS; 
American Carbon Registry (ACR); 
Joint Implementation (JI), France 

 No data No data No data

Reforestation projects CDM  17,000 0.80 48% 33,58–62

Forest management projects VCS Likely to be 
similar to CDM 
reforestation 
projects 

Likely to be 
similar to CDM 
reforestation 
projects 

Likely to be similar to 
CDM reforestation 
projects

Fugitive emissions projects CDM  167,000 0.22 15% 1

For details on acronyms, please refer to Supplementary Table S1. The costs presented are averages of sometimes very wide ranges, most often obtained from company surveys or calculations by the regulator in the 
impact assessment of its regulation. See Ref. 1 for details on the methods for each carbon pricing mechanism. aIncludes the costs of all MRV frameworks used by the surveyed UK quoted companies which in some 
cases report under the CDP, the EU ETS and the CRC at the same time. tCO2e, tonne of CO2-equivalent.
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between the estimate and the actual value. Hence, it covers the two 
types of errors that are commonly distinguished: systematic errors 
or bias that decrease the accuracy of the estimate (for example a 
miscalibrated gas meter, or unit error in the reporting) and ran-
dom errors that decrease the precision of the estimate (for example 
sampling error, errors of copy in the reporting). In monitoring, lack 
of accuracy and of precision can both lead to uncertain estimates, 
but only the second can be dealt with by increasing the number of 
samples. Bias can only be reduced by monitoring and reporting the 
same source of emissions with a change in the method. In report-
ing, both types of errors can be reduced through quality control 
and verification.

MRV trade-offs
Scale and uncertainty lead to the two necessary trade-offs in the 
MRV of GHG emissions, as explained by Cochran3: cost versus 
uncertainty, and information relevance versus comparability. The 
trade-off between cost and uncertainty is one of the key threads of 
this Review. For each CPM considered, we identify whether flex-
ibility provisions are in place to adapt uncertainty requirements to 
the cost incurred by stakeholders. These provisions may take the 
form of de minimis thresholds (that is, threshold levels of emissions 
under which monitoring and reporting are not required), or ‘mate-
riality thresholds’ (that is, threshold levels of errors under which 
errors are tolerated during verification). They can also take a more 
continuous form, for example by increasing the cost of compliance 
or discounting the benefits from carbon credits in proportion to the 
uncertainty of monitoring.

The second trade-off, between information relevance and 
comparability, comes from the difference in information needs 
from case to case. A country with only a few trees, such as Monaco, 
will see the quantification of emissions from its forestry sector as 
a complete waste of resources when it comes to designing climate 

mitigation policies. But Canada or Brazil may not see it that way. 
However, letting each country choose the sources it monitors, the 
method it uses to report them and the format under which all this 
is reported would greatly hamper the comparison of emission levels 
between countries. The same goes for cities, companies and offset 
projects depending on their specific context and needs.

In a nutshell, five cross-cutting questions are asked on the 
schemes being reviewed:

(1) What are the key MRV requirements?
(2) What are the costs for entities to meet these requirements?
(3) Is a flexible trade-off between requirements and costs allowed?
(4) Is requirements stringency adapted to the emissions amount 

at stake (materiality)?
(5) What is the balance between comparability and 

information relevance?

MRV requirements across schemes
The first cross-cutting question — what are the key MRV require-
ments? — is too large to be answered in a synthetic way. This section 
thus focuses on two components of this question that have a major 
impact on MRV costs: requirements pertaining to third-party veri-
fication and those pertaining to monitoring uncertainty. 

Verification requirements are broadly similar across the board. 
Most CPMs impose a verification of the reports by an independ-
ent third party. Verification requirements are broadly similar across 
CPMs (Fig. 1): first, the third party must be accredited by the regu-
lator for GHG emissions audits and this accreditation tends to be 
sector-specific; second, the third party must assess whether the 
methods used and the reporting format comply with the relevant 
guidelines; third, the third party must assess the accuracy, that is, 
the absence of bias, of the reported figures; fourth, the regulator 

Jurisdictional scale

Site/company scale

O�set project scale

Scale of the CPMVerification

1 No verification requirements

2 Focused on reporting procedures rather than reported figures

3 Variable frequency, accredited third party

4 Annual frequency, accredited third party
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Waste sector in the Australian CPM69

Imported electricity in the Californian ETS15

Shenzhen ETS70

Company-level footprint (Grenelle II, Article 75)

Company-level footprint (Grenelle II, Article 225)71

Company-level footprint (CDP)73

Clean Development Mechanism (CDM)74
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Forest management projects (VCS)76

Fugitive projects (CDM)74

71, 72

Figure 1 | Typology of verification requirements across CPMs. For a detailed justification of the typology, see Supplementary Table S1. Abbreviations are 
defined in Table 1.
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is allowed to question the opinion of the auditor, but seldom does 
so; and fifth, the third party tends to be paid directly by the veri-
fied entity. Although this creates a potential conflict of interest, the 
risk of losing the accreditation is a much stronger incentive and 
keeps auditors from being complacent with their client7. Random 
verification of a few entities only  —  as is the case for small pro-
jects under the Gold Standard and for small installations under the 
Australian Carbon Pricing Mechanism — is uncommon: the audi-
tor is then paid by the regulator. The verification of national GHG 
inventories under the UNFCCC is also not directly paid by the 
countries under review.

Some details may differ (Supplementary Table S1). Verification 
frequency is one example: it tends to be annual for most CPMs at 
entity scale, whereas it is variable — decided by the project propo-
nent — at project scale. The emphasis put on individuals also var-
ies across schemes: UNFCCC accredited reviewers act in their own 
name, and so do auditors in California and Australia. Under the EU 
Emissions Trading System (ETS) and the CDM, however, it is firms 
rather than individuals that are accredited, although one of the key 
criteria to obtain accreditation is of course to secure individual 
competence either internally or through long-term subcontracting. 
Note that Member States have some leeway on the accreditation 
procedures for EU ETS verification. As a result, and although most 
countries accredit firms, some accredit individuals.

The only schemes that stray away from these general observa-
tions are the schemes with little financial stake: subnational inven-
tories and company-level footprints. The latter are nevertheless 
often verified: verification is incited under the Carbon Disclosure 
Project (verified respondents get a higher score within their trans-
parency rating), and it is even mandatory for some companies 
under the French Grenelle II law (Article 225). Yet these verifica-
tions are peculiar: what matters is the reporting procedures of the 
company — do they ensure the internal consistency and ‘fairness’ 

of the reported figures? — rather than the accuracy and precision 
of the figures. In addition, the requirements on the expertise of the 
third party on GHG emissions is rather limited in these schemes: 
indeed, companies tend to use their financial auditors, which saves 
time as they are already familiar with the company structure and 
its accounts.

Requirements on monitoring uncertainty are seldom compre-
hensive. Sources of monitoring uncertainty are multiple. When 
calculation methods are used, there are as many sources of uncer-
tainty as there are variables and parameters used in the calcula-
tion. Methods exist to combine the uncertainty from all sources 
in order to produce a comprehensive estimate (see for example 
GHG Protocol8 or IPCC6). Yet CPMs seldom set a requirement on 
the overall uncertainty of a given source. The case of direct meas-
urement in the EU ETS is a notable exception. The EU ETS and 
a few offset project methodologies get close to an overall require-
ment, as quantitative requirements are set on most sources of 
uncertainty — activity data and emission factors — involved in the 
calculation method. Most schemes also require a minimum calibra-
tion frequency when instruments are used. This frequency is often 
borrowed from existing national or international standards. The 
impact of calibration requirements on the actual uncertainty may 
be significant but is difficult to quantify across sectors and schemes9.

The majority of CPMs, however, only set quantitative requirements 
on a few sources of uncertainty (Fig. 2, Supplementary Table S2). 
When financial stakes are low  —  that is, when mechanisms are 
primarily about accounting and tracking rather than directly pric-
ing carbon, as in most jurisdictional schemes or for company-level 
footprint  —  the requirements are either qualitative, for example 
using a context-specific emission factor for major sources, or non-
existent. Hence, most CPMs exert only a partial control over the 
uncertainty that is reported.

Type of uncertainty requirements 

1 No uncertainty requirements

2 Qualitative (e.g. key categories should use a country-specific emission factor)

3 Quantitative, covering a few sources of uncertainty (e.g. sampling error shall be no greater than 10%) 

4 Quantitative, covering most sources of uncertainty (e.g. total uncertainty shall be no greater than 2.5–10%) 
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Scale of the CPM

Figure 2 | Typology of uncertainty requirements across CPMs. For a detailed justification of the typology, see Supplementary Table S2. Abbreviations are 
defined in Table 1.
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Incentives to reduce monitoring uncertainty
MRV concepts and principles are often presented without significant 
attention to how they are applied in practice. Incentives to reduce 
monitoring uncertainty, and in particular the ‘conservativeness’ prin-
ciple, perfectly illustrate this gap between theory and practice. 

Conservativeness: gap between principle and practice. 
‘Conservativeness’ means that when the data are uncertain, a con-
servative value should be used so that emissions are not underesti-
mated. This principle is commonly interpreted as an incentive to 
reduce monitoring uncertainty, often by adding one or two stand-
ard deviations to the estimate. If it were so, conservativeness would 
indeed provide an implicit incentive to reduce uncertainty.

But in practice, most of the rules in CPMs do not discourage the 
use of default values or the uncertainty of the monitoring method 
(Supplementary Table S2). For example, the IPCC guidelines for 
national GHG inventories allow for any type of uncertainty range, 
provided that the estimate is not biased6. The EU ETS limits the 
uncertainty of some elements but does not reward further uncertainty 
reduction as long as the threshold is met10.

The CDM Executive Board has yet to clarify and systematize its 
application of the conservativeness principle, except in the case of sur-
veys and samples11. Although some CDM tools and methodologies are 
already awarding fewer credits in proportion to reported uncertainty, 
this is not systematic. Many CDM methodologies provide an implicit 
incentive to reduce uncertainty by using conservative default values 
for some parameters or variables9. Yet these incentives remain limited 
in the CDM for three reasons12. (1) In most cases, conservativeness 
only concerns one or two parameters whereas there are often 10 or 
more parameters involved in the calculation13. These parameters were 
possibly chosen during the validation of the methodology as the most 
influential ones based on expert judgement. But this leaves out many 
sources of uncertainty whose importance has not been assessed in a 

systematic manner. (2) Conservativeness is only applied to the most 
uncertain option out of three or four possible monitoring methods 
(see for example the case of net calorific value of fuel in ref. 14). 
(3) An alternative method to the conservative default value is not 
systematically offered in the methodology. When this happens, 
a project proponent wishing to be rewarded for further reducing 
uncertainty will have to appeal to the Methodology Panel to revise 
the methodology. The resources — time and technical — necessary 
to undertake such a step represent a significant barrier.

Conservativeness is not a panacea. There may be good reasons 
not to be conservative when monitoring emissions. One is that 
conservativeness gives a competitive advantage to larger installa-
tions or entities where economies of scale make it economically 
feasible to use fewer default values and more precise monitoring 
methods (see ‘Economies of scale’, below). In the EU ETS, this 
would exacerbate the distortion created by MRV costs and proba-
bly explains why the regulator has abstained from embedding con-
servativeness in the Monitoring and Reporting Regulation (MRR). 
In California, the default emission factor applied to imported 
electricity is rather generous: it corresponds to a clean gas power 
plant15. This is the very contrary of being conservative, but it was 
probably necessary to avoid judicial proceedings from neigh-
bouring states for breaching the constitutional right to free inter-
state commerce16. The European Union faced a similar dilemma 
when setting an emission factor on oil produced from Canadian 
tar sands under the Fuel Quality Directive17. In offset schemes, 
however, the risk of adverse selection offers a strong argument in 
favour of conservativeness.

Should there always be an incentive to reduce uncertainty? 
Although generally rare, incentives to reduce monitoring uncertainty 
are embedded in a small number of CPMs (Fig. 3, Supplementary 

Type of incentive to reduce uncertainty  

1 None

2 Qualitative (e.g. general principle of ‘continuous improvement’)

3 Indirect (e.g. through a conservative emission factor) and quantitative, but covering only a few sources of uncertainty

4 Direct (e.g. deduction factor) and quantitative, covering most sources of uncertainty
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Figure 3 | Typology of incentives to reduce uncertainty across CPMs. For a detailed justification of the typology, see Supplementary Table S3. 
Abbreviations are defined in Table 1.
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Table S3). Some offset project methodologies discount the number 
of credits issued in proportion to the overall monitoring uncertainty 
(for example VCS VM012 on improved forest management18) or in 
proportion to the uncertainty of one component of the estimate (for 
example leak flow rate in CDM AM0023 on fugitive emissions19).

These provisions may make sense in offset schemes that are 
vulnerable to adverse selection20: project proponents who benefit 
from the error — because their monitored emissions reductions are 
by chance above the true value — are more likely to join than those 
whose emissions reductions are underestimated. This selection bias 
eventually produces an overestimate in the aggregated total, despite 
the random nature of each individual error.

But economic theory and literature do not provide uncondi-
tional support for incentives to reduce uncertainty21. In general, 
uncertainties tend to balance out rapidly with an increasing num-
ber of emission sources and therefore tend to be of little concern. 
Exceptions may emerge in specific cases of information asymmetry 
or when a scheme encompasses only a few large sources.

Indeed, the regulator should in theory worry more about bias 
than about precision. And in many configurations, reducing the 
reported uncertainty does not reduce the risk of bias. To reduce the 
risk of bias, the expert judgement of independent and competent 
auditors is likely to remain the best-suited approach. A probably 
costly alternative would be to require a second estimate obtained 
from a different and independent method.

In practice, there is no clear consensus among regulators on the 
importance of monitoring uncertainty. The European Commission 
cites the large uncertainty of waste emissions as one of the main 
reasons to keep the sector outside the EU ETS22, whereas this uncer-
tainty did not visibly hinder Australia from including the waste sec-
tor in its CPM. Based on economic theory and the existing literature 
on this topic alone, it is not possible to determine clearly who made 
the best choice.

Economies of scale
Economies of scale are the dominant feature of MRV costs, at least 
when these costs are compared on a basis of cost per tCO2e. These 

economies have an automatic component: the division of a given 
cost by a larger denominator; and an intended one: regulation, 
mandatorily applied to a large number of sources and entities, must 
not impose too heavy a burden on the complying entities as these 
cannot opt out.

MRV costs decrease with the comprehensiveness of the perimeter. 
The larger and the more comprehensive a scheme, the lower the 
MRV costs. Jurisdictional schemes tend to cover all sources within 
a jurisdiction, and this adds up to a large amount of GHG emission. 
As a result, they exhibit much lower MRV costs than other schemes 
per tCO2e (Table 1).

However, even when the emissions amount per entity is compara-
ble, for example between cap-and-trade schemes and offset schemes 
(such as couples between 0.03 and 10 MtCO2e), comprehensiveness 
pushes MRV costs down (Fig.  4, Table  1). Indeed, entity-scale 
schemes tend to be mandatory and therefore to cover all entities 
that meet the inclusion thresholds (for example more than 20 MW 
for combustion installations under the EU ETS). As such, they must 
be especially careful with the costs that they impose on regulated 
entities as these may distort the market (for example by putting 
higher costs on smaller entities) or even put unbearable burden on 
some firms9. Conversely, offset schemes in which participation is 
voluntary cannot bankrupt participating companies through MRV 
costs: if they are too high, companies simply do not participate. In 
addition, one of the interests of running an offset scheme is to reveal 
information on abatement opportunities, monitoring techniques 
and costs23,24. In this context, there is a rationale for leaning towards 
higher MRV costs in order to obtain better information. This is 
likely to be why offset schemes tend to exhibit higher MRV costs 
than cap-and-trade schemes (Table 1).

MRV costs decrease with size. Even within the same scheme, MRV 
costs vary widely. A major factor explaining this variation is the size 
of entities (Fig.  1). Indeed, fixed costs or costs that increase only 
slowly with entity size are numerous within MRV costs. Most moni-
toring and reporting costs are insensitive to size: a single monitoring 
report, methodology, project design document, national inventory 
report or similar is needed per entity, no matter the amount that it 
emits or reduces. In monitoring, the costs of a meter do not neces-
sarily increase with the amount of material (electricity, gas, and so 
on) that it measures. Similarly, sampling costs increase only in pro-
portion to the square root of the sampled population. The same goes 
for verification: a large part of the workload is proportional to the 
amount of documentation provided, which is largely independent 
of the amount of emissions at stake.

After entity size, entity and sector complexity also plays into 
MRV costs25. A large refinery with hundreds of pipes, connections 
and gas streams is more difficult to MRV than a simple power plant 
with a couple of boilers. Similarly, two-thirds of emissions from 
cement manufacture usually come from decarbonation. The moni-
toring of these ‘process emissions’ involves a complex mass-balance 
approach in addition to the more common and straightforward 
‘activity data × emission factor’ approach used for energy consump-
tion (the remaining third). Across schemes such as the EU ETS, 
the US EPA GHG Reporting Rule, or the Californian ETS, refiner-
ies and cement factories face higher MRV costs: although cement 
factories are large and benefit from the aforementioned economies 
of scale, their monitoring costs under the US EPA GHG Reporting 
Rule are twice the overall average on a per tCO2e basis26. Other 
types of industries are also impacted by their complexity such as 
electricity importers.

The share of verification costs. Contrary to conventional wisdom, 
verification is usually not the main part of MRV costs. It varies 
mostly between 0 and 50% of total MRV costs, with an average 31% 
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Figure 4 | Economies of scale in MRV. Each point corresponds to one 
of the (cost, size) pairs retained in ref. 1. It can be either an average for 
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for the oldest and largest CPMs, namely national inventories, the EU 
ETS and the CDM (Table 1). Verification costs are, however, mostly 
fixed costs. For smaller sources or entities, it can therefore take the 
lion’s share of MRV costs, up to 80% of the total25. Moreover, unlike 
monitoring and reporting costs, they cannot be internalized as the 
auditor must be an independent third party in most schemes.

Materiality does not outweigh economies of scale
Materiality is a concept that comes from the audit industry: an 
auditor should focus on the riskiest parts of what is being audited. In 
other words, one should pay more attention to larger numbers than 
to smaller ones. Materiality has made its way into the verification 
procedures of most existing CPMs: accredited auditors can only 
invalidate a monitoring report when errors exceed a given thresh-
old (for example 5% of total facility emissions in the Californian 
ETS). Nevertheless, the concept of materiality is not taken into 
account in most jurisdictional schemes, either because verification 
does not take place (as is the case for most subnational inventories), 
or because the guidelines do not contain materiality provisions 
(which used to be the case for national GHG inventories) (Fig. 5, 
Supplementary Table S4).

The concept of materiality could be extended beyond verifica-
tion to monitoring and reporting: fewer resources should be spent 
on smaller sources than on larger sources, or on smaller facilities 
than on larger facilities. Many provisions exist in carbon markets 
and carbon taxes to balance stringency with the amount of emis-
sions at stake: smaller facilities are usually not covered by the 
scheme, and even within the scheme, the uncertainty requirements 
or the reporting frequencies are more lenient for these installations 
(Supplementary Table S4). Yet these provisions do not result in a 
level playing field. Economies of scale have the upper hand, and 

larger facilities and offset projects end up with lower MRV costs per 
tCO2e (see below). Finally, national GHG inventories still largely 
ignore the concept: the requirements are almost as stringent for 
Slovenia as they are for Germany. This is not to say that the exist-
ing ‘monitoring materiality’ provisions are not useful: inclusion 
thresholds in particular are fundamental in limiting costs. The US 
EPA26 assessed the effectiveness of a minimum threshold for inclu-
sion in the perimeter of the regulation. Compared with the thresh-
old of 25,000 tCO2e yr–1 retained in the United States, a threshold 
of 10,000 tCO2e yr–1 would increase costs by 35% and cover only 
1% more emissions. Conversely, increasing the inclusion threshold 
to 100,000 tCO2e yr–1 would save 23% of the costs and cover 2.5% 
fewer emissions.

Comparability often trumps information relevance
Comparability between entities reporting within the same CPM 
is usually a top priority. As a result, most mechanisms offer little 
leeway in terms of scope, level of source disaggregation and even 
monitoring method.

All ETSs, taxes and offset projects define very precisely the gases 
and sources of emissions that are monitored. They also specify a 
common reporting format with a fixed separation of emissions 
sources. No leeway is left to the agent to adapt the scope or level of 
disaggregation to its own needs/constraints.

Monitoring methods are also closely restricted in ETSs, taxes 
and offset projects: although a choice is usually offered to the agent, 
it is limited to a few options for which instruments and emissions 
factors are explicitly listed.

Schemes and management systems with limited constraints 
or financial stakes such as subnational inventories and company-
level footprint are the notable exceptions. Subnational inventories 
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follow a variety of guidelines, and the guidelines themselves are 
limited to accounting principles and suggested emissions factors. 
Each entity is then free to choose, within the guidelines or else-
where, the detailed equations, monitored variables and instru-
ments that best suit its needs and constraints. These entities are 
usually undertaking their MRV as a means to assess the effective-
ness of their internal mitigation strategy. They therefore exten-
sively use the large leeway offered by the relevant MRV guidelines 
to adapt the MRV procedures to suit their specific needs. Cochran3 
illustrates this phenomenon with the GHG inventories of cities. 
For company-level footprint, the trade-off is a little more bal-
anced: the possibility for outsiders to compare companies with one 
another and the repeated use of the same consultants within a sec-
tor to put together company-level footprints tend to foster compa-
rability on scope 1 (site-level emissions) and scope 2 (electricity 
use). For scope 3 (upstream and downstream emissions), however, 
company-level footprints remain very heterogeneous.

National GHG inventories under the UNFCCC lie somewhat 
in the middle. Countries must use a very strict reporting for-
mat which makes comparison easy. But the choice on monitor-
ing methods is almost unlimited as countries are always offered 
the possibility to use a ‘Tier 3’ method. Tier 3 tends to be what-
ever model the country proposes as long as some general crite-
ria — for example that the model has been validated and published 
in the peer-reviewed literature — are met. Use of Tier 3  is fairly 
uncommon given that even lower tiers already offer significant 
leeway concerning acceptable activity data and emission factors. 
As a result, reported figures are not strictly comparable between 
countries, although verification, and in particular the use of com-
parison tools provided by the UNFCCC Secretariat, keeps hetero-
geneity within acceptable limits.

Conclusion
Regarding our five cross-cutting questions, one can conclude that 
conventional wisdom on MRV is not often promoted in existing 
CPMs. One would intuitively encourage quantitative requirements 
on emissions uncertainty, together with an incentive to improve 
precision. Most often, this is only partially applied, if at all. Further, 
the time and resources spent on small sources of emissions would 
be expected to be limited. Although this kind of ‘materiality’ is 
widespread, the softened rules for smaller sources are largely out-
weighed by economies of scale: in all schemes, MRV costs per 
tonne are primarily driven by the size of the source. This is not 
to say that existing MRV rules are ill-devised. First, conventional 
wisdom may be wrong. Economic models indeed struggle to jus-
tify the usefulness of incentives to reduce monitoring uncertainty 
when dealing with multiple small sources. Second, some phenom-
ena, such as economies of scale, may be beyond the control of the 
regulator. MRV rules that create no market distortion are probably 
an unreachable goal.

These conclusions should be of great use to the scientific and 
industrial community currently designing new GHG monitoring 
technologies for use in existing CPMs:

(1) In most cases, technologies with lower uncertainty than current 
practices are unlikely to be adopted because the rules do not 
value reduced uncertainty. In particular, the so-called ‘conserva-
tiveness’ principle often invoked to demonstrate the economic 
value of improved monitoring techniques is specific to a subset 
of CPMs — offset projects — and is not applied systematically 
and consistently even there.

(2) A more promising outcome awaits technologies that would 
meet the uncertainty requirements of existing CPMs at a lower 
cost than is achieved by current practices. The figures provided 
in this Review on maximum uncertainty thresholds and MRV 
costs can be used as benchmarks by technology developers.

(3) An alternative could be to lobby regulators for regulations with 
more comprehensive and more direct incentives to reduce 
monitoring uncertainty. This would probably be perilous, as 
top-down regulations change slowly, in particular when there 
is no obvious rationale for the regulator to reduce monitoring 
uncertainty (see ‘Incentives to reduce monitoring uncertainty’, 
above). Bottom-up CPMs such as offset projects are easier to 
amend, but their market size plummeted during the second 
half of 2012 without any clear prospect of recovery27.

Another cross-cutting conclusion to this study is that MRV 
rules significantly differ not only between ‘scales’ but also within 
them: the European Union, Australia, California and Shenzhen 
have set different MRV rules in their respective site-level CPMs. 
Five thousand sites with emissions lower than 25,000 tCO2e per 
year undergo MRV under the EU ETS, whereas in Australia veri-
fication is only mandatory for sites emitting over 125,000 tCO2e. 
The scope of the EU ETS is limited to heat and power generation 
and some industrial processes, whereas the transportation sector, 
imported electricity, and waste are included in some of the other 
schemes. Shenzhen even double-counts emissions from electricity.

Will these MRV differences lock the world into incompatible 
frameworks with different carbon prices? Not necessarily. When 
considering whether to link two CPMs, mutual confidence in their 
respective level of ambition is likely to be pivotal for the regulators 
involved. And this confidence can be obtained with reliable MRV 
procedures on both sides even if they are not strictly equivalent. 
Only time will tell.
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