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Introduction - Purpose of this document
Activities in the MELS project strive for improving the knowledge background on the
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release of environmentally relevant components from animal husbandry sources to the
environment, specifically the atmosphere. Scales range from an individual farm (to
devise appropriate individual abatement measures) to a country (for a national
inventory and policies/measures to attain policy targets), and compounds covered are
ammonia, methane, and nitrous oxide.

Guidance documents are available to support the establishment of emission inventories,
both for air pollutants like ammonia (EMEP/EEA, 2019) and for greenhouse gases such
as methane and nitrous oxide (IPCC, 2019). These guidance documents provide detailed
instructions to create such inventories. In order to make use of resources in an optimal
way, emission sources that are not important should be estimated with fairly simple
methods, while most effort should be directed towards significant sources. Thus, these
guidelines provide methodologies for different levels of detail (tiers) in which emissions
need to be reported. The simple “tier 1" approach seems sufficient for small sources of
little general relevance — typically consisting of a generic emission factor to be
multiplied with easily available statistical information. For more significant sources
(contributing a certain fraction of total emissions or contributing to the trend or to the
uncertainty of emissions: IPCC, 2006), taking advantage of higher level tiers (tier 2 or tier
3) that depend on specific national or regional information is required.

The above-mentioned MELS activities have focused on developing and supplying data
for improving the accuracy of more complex inventory methodologies. MELS has
developed functional relationships between emission factors and underlying parameters
(MELS deliverable D3.1) and parameterizes these into functional models (MELS
deliverable D3.3). In order to understand and analyze the value of these functional
models, the current document provides some theoretical foundations that describe the
added value provided by applying such models, the available options to remain
transparent, to allow comparison across methods (and also across regions, using
benchmarking approaches), and to validate whether results are fit for purpose.

The challenge of multi-purpose inventories
Using more complex algorithms, in general, is considered to provide better results that
more closely resemble real fluxes. Such algorithms are expected to represent the true
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conditions of a process more closely than simplified approaches, and hence they also
would be able to better reflect the cause-effect chain. A change in an underlying cause
(an input parameter to the model) would then also be correctly represented in the
consequences, the model output. This is especially the case for situations where
underlying models are adequately validated. Yet, it is all but clear whether models have
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been validated fit for purpose, with multiple purposes of emission models becoming
prevalent. These purposes include:

Quantifying emissions: the most obvious quantity to be obtained from emission

inventories (including from the agricultural sector, i.e. animal husbandry and treatment
of agricultural cropping area) is the quantity of emissions. Emission inventories thus are
tailored to fit this purpose.

Assessing patterns (spatially and temporally): spatial variability as well as temporal

trends and cycles characterize the release of compounds into the atmosphere. Spatial
and temporal variability determine both the distribution and the behaviour of
compounds in the atmosphere, and they may become relevant for subsequent effects
or at least observable concentrations. Hence any validation also depends on the
pattern, and on the proper identification of such patterns.

Sources (causes) of emissions: Before emission reduction measures can be adequately

taken, it is essential to understand not only the total of emissions of a given compound
in an area (including its pattern), but also to know about the specific pathway for its
release. Once this pathway is identified, adequate measures can be taken to resolve an
issue. Both technical and legal measures set to avoid/minimize release require such
identification as precondition.

Emission abatement: in order to understand the potentials of emission reductions (and

subsequently, the impact of any measure) it is essential to quantify the effect of an
abatement measure. A model that is able to adequately describe the release of
compounds under normal conditions not necessarily would also predict the behaviour
under measures. Validation here is particularly relevant as factual evidence may be quite
small (even while being one of the focus targets of MELS).

Abatement costs: Economic reasons often help prioritize action. Marginal cost curves

may be used to identify the most cost-efficient way to improve the environmental
quality — these require not only emission abatement measures, but also their costs
properly understood. An emission model, ideally, also needs to properly cover the costs
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of emission abatement (which also needs to reflect technology available at a given time,
i.e. cost curves require continuous updates).

As tier 1 methodologies are available to address all of these purposes, an open question
remains to which extent a tier 2 or tier 3 methodology (which may be an improvement
over the simple methodology in only a few aspects) is able to provide improved
responses to just one (often: the emission quantity) or several of the purposes. Here full
transparency is needed whether or not a higher tier methodology provides the same or
a different response than the lower tier result. Facilitating such transparency requires to
systematically reorganize output of emission models (higher tier methods) so they can
be directly compared to tier 1 results.

Normalization

The central element of all comparisons is to establish a common level to compare to.
Different approaches to assess emissions (or any other parameter to satisfy the
purposes of emission inventories) will lead to results that refer to different entities,
depending on how the underlying calculation has been set up. At whatever detail
certain results are being developed, aggregation is required to arrive at such a common
level. Ideally, only a comparison “like-with-like” is valid, relating to the identical system
boundaries. In practice all kind of comparisons will be needed and may provide
guidance. In order to come as close as possible to the “like-with-like” theorem, some
kind of normalization may need to be applied.

Direct comparison can only be performed in situations when emissions have been
quantified for the same area, time period and source sector using two or more levels of
complexity. Resulting calculated emissions then can be evaluated and compared, in
order to identify the reasons for any apparent discrepancies and to attribute their
causes, with consequences for improvement cycles (see e.g. Amon et al.,, 2021, who
compared the consequences of applying updated IPCC emission guidelines to the
situation of Austria). Similarly, comparing a common (yet simplified) tool available for
many countries may provide guidance in the quality and accuracy of emission data
provided by individual countries taking advantage of a wealth of locally specific
information (see Klimont et al., 2022, who compared national inventories with the results
of a harmonized tool, the GAINS model). Such comparisons can be regarded a general
strategy in the validation of national emission inventories.
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If not comparing the identical situation with different methods, but across similar
situations, e.g. in different countries, further normalization will be required to
compensate for structural differences. Such normalization may take account of (i)
population numbers, (ii) area, (iii) economic production values such as GDP, (iv)
economic activities such as agricultural production or animal numbers, or (v) any other
potentially relevant numerator.

Using normalization as a way to assign emissions to a given underlying metric implicitly
connects emissions with that metric. The strategy becomes meaningful only if the metric
(directly or indirectly) has a role in the generation of the emissions. E.g., when using
population numbers, there is an underlying assumption that each individual person is
responsible for the same amount of emissions. This can be directly (persons cause
emissions in their metabolic processes or during their daily activities, such as transport
to and from work or generating waste) or indirectly (e.g., everybody needs food,
emissions are due to food production on a similar level for each person). Comparably,
scaling by area assumes that emissions are due to certain area sources (could also be
agricultural area only, as e.g. caused by constant addition of fertilizer leading to
ammonia emissions). When attributing emissions to economic activity in general, GDP
may be a good indicator, but if we assume a more specific source of economic activity
to be made responsible, such as animal husbandry, it can be useful to use production
numbers or stock as a metric.

Whatever the metric chosen for normalization to compare emissions between units of
different size, it is important to note that it reflects an entity that is somehow considered
to represent an emission generating activity.

Comparing partial inventories

As pointed out above, direct comparison of results is possible and meaningful when
extending different approaches to the same dataset. As soon as different approaches
are being applied to different datasets (or even using the identical approaches to these
different datasets), comparison needs to rely on assumptions. This refers in particular to
partial inventories, where the full data set is restricted to one or more levels:

e observation region. whether comparing a part of the area with the area total, or
two independent areas, size and structure of that region may characterize
emissions and hence have to be taken account of in a comparison.
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time period and extent of observation: while emission inventories typically are
provided for a full year, it is instructive to observe emissions over a given time
(emission trends), as well as to understand the temporal pattern within a given
year. In both cases, means to develop an understanding of such a behaviour may
take advantage of surrogate data that reflect the temporal behaviour of
underlying activities.

economic sector (subsector): especially when it comes to taking responsibility for
emissions and attributing measures of emission reduction, it is important to
identify the sources and source sectors responsible. Comparisons can be useful
across sectors (which sector is more important for total emission?), within sectors
(how do different methods of emission assessment compare for a specific
sector?), or also within a sector in different areas/time periods (for benchmarking:
are there examples demonstrating that a better solution is feasible?). When
comparing economic sectors, a detailed understanding of system boundaries is
decisive. Do emissions from cattle include grazing cattle or just the indoor
manure management chain? Would emissions caused by mineral fertilizer be
covered? How is energy distributed across sectors, is a combustion engine to
generate electricity on an anaerobic digestion plant considered an agricultural
activity (part of the manure management chain) or a power plant? Here it is
essential to take advantage of existing guidance (see below).

specific emitted compound: multiple chemical species are being released into the
atmosphere, most often classified into air pollutants and greenhouse gases.
Accounting often is done for an individual substance (e.g., COz or SO3), but may
also cover two (NOy as the sum of NO and NO3) and a compound class (such as
NMVOC, the non-methane volatile organic compounds; or F-gases, fluorinated
gases covering perfluorocarbons, hydrogenated fluorocarbons and sulfur-
hexafluoride). Emission models may describe their release, or just the relationship
of their release to that of another compound. Any comparison needs to make
sure to use appropriate and harmonized units.

For each of these partial inventories, in addition to the inherent need of properly
identifying and harmonizing system boundaries, consideration of the respective

purposes to establish such inventories remains relevant. Allocating emissions to sectors,

in order to also allocate responsibility for emission reductions, necessarily comes with an
identification of emission abatement potentials and abatement costs. In such a specific
case, abatement measures and their effectivity would need to be assessed on a source
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sector level. Partial inventories hence maintain to be purpose-oriented, and they may
also need normalization for comparing.

All of the above are subsets of the total release of compounds into the atmosphere. The
total release (at least when focusing on one specific compound) is needed to compare
against independent datasets such as ambient measurements (as in inverse modelling,
where atmospheric transport models and tower or satellite measurements help to
establish an emission inventory that is at least in part independent of an inventory
based on statistical inputs; see e.g. Bergamaschi et al.,, 2015). A complete inventory,
ready for comparison with inverse modelling results, needs to include all fluxes into and
out of the atmosphere. In addition to anthropogenic activities (typically used in national
emission inventories) also emissions from natural sources need to be covered.

Key elements of existing guidance

Both for greenhouse gases (GHG's) and air pollutants, standardized procedures are
available that form the basis of emission assessment and reporting. These guidelines
also describe methods of benchmarking between inventories of different origin.

For GHG's, guidance has been provided in IPCC (2006), as part of the quality guidance
(Vol. I, Ch. 6 "QA/QC"). This guidance puts an emphasis on the “CCCA" principles
(Completeness, Consistency, Comparability, and Accuracy) in a manner resembling
scientific criteria. An overarching “Transparency” principle is added, as also (in terms of
the overall QA/QC cycle) an “Improvement” principle to be used in any QA/QC plan.

Complex emission models and their transparent use have been established for the
update of that document, the 2019 refinement (IPCC, 2019). Again in its Vol. I, Ch. 6, a
checklist can be found ensuring good practice in using complex, higher tier models in
inventories (section 6.12.7). Going into considerable detail, this checklist also supports
quantitative comparisons with other (less detailed) datasets. Methodological guidance
towards transparency includes checks and model evaluation (on an inventory level,
without providing specific methodology).

The respective guidance document for air pollution, valid for Europe as created under
the European Convention on Long-Range transboundary Air Pollution, has been
compiled as EMEP/EEA (2019). Its Chapter 6 covers the “Use and reporting of models”
and also focusses on model transparency, specifically referring to the guidance
presented by IPCC (2019).
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This overview shows that the problem of transparency (and lack of transparency in
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complex models) is well understood and that appropriate guidance is provided to deal
with it in the framework of quality considerations. The guidance, however, may not be
fully meeting all practicalities for a meaningful and ready-to-use comparison of
inventories of different tiers.

Here national guidance may help out. In the framework of their reporting obligations to
the UNFCCC, countries routinely publish national inventory reports, also providing (in
different levels of detail) guidance how their own inventories have been prepared. E.g.,
as a notable initiative, the New Zealand Ministry of Primary Industries maintains and
regularly updates a methodology guidebook on the national GHG emissions (MPI,
2022).

Quantification via implied (emission) factors

As outlined above, numerical methods are still amiss that could support transparency
considerations, for the purpose of comparing and benchmarking results of emission
estimation done at different complexity levels. Guidance has been published, however,
and can be used to extend towards quantitative representation.

We have also described the importance and the potential of normalization of emission
data. When using, as normalizing factor, an entity that we consider matching most
closely the emission generating principle, we arrive at an emission factor. Normalizing
the result of a complex emission calculation yields an implied emission factor, a factor
that mimics the performance of a complex model, such that using the factor would
arrive at the identical result. The implied emission factor (for transparency reason, clearly
identified as such) provides a level of comparison of emission calculation of different
complexity, for different regions, or across different sectors. Using an implied emission
factor allows transparent comparison — obviously still requiring explanations for
observed differences.

Also, we have identified a number of related results to emissions — emission abatement,
or emission costs. Again, the same principle applies. We can derive implied entities that
allow us to render results comparable. E.g., for emission abatement, an emission
reduction factor (as the fraction of emission removed, in percent) can be given. Or for
emission costs, a cost factor (per mass unit pollutant removed) will yield results
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comparable across different detail levels, allowing for transparent comparison, for
benchmarking between models, sectors, spatial units, and methods generally.

Comparing variability and uncertainty

Whatever the method chosen to quantify emissions, it will only partially be able to
address irregularities that are the result of multiple impacts, too many to be addressed
in any methodology. It is essential to separate variability and uncertainty. Variability
refers to fluctuations in time and/or space, of emission fluxes. It can be handled by
identifying its magnitude and by focusing on aggregate information (averages).
Uncertainty is more tricky and difficult to cover. One way to deal with uncertainty in
emission inventories is to move over to more complex (higher tier) methods that are
understood to have lower uncertainty. In fact, comparison of two emission estimates
with known uncertainties allows to assess whether or not observed differences are
statistically significant.

Guidance documents (IPCC, 2006) provide detailed information how inventory
uncertainty can be assessed, taking advantage of differences in reported underlying
information. Uncertainty is a reporting obligation in inventories submitted to the
UNFCCC. Some early scientific approaches on GHG uncertainty have been published for
the Austrian emission inventory (Winiwarter and Rypdal, 2001; Winiwarter and Muik,
2010). Uncertainty information is understood to improve quality of information provided
to policy makers, to identify robust solutions of suggested emission reduction measures,
and to guide towards much needed improvement of certain elements of an inventory.

Distinguishing between variability and uncertainty is important, but in practice often
remains challenging. It has been argued (Leip et al,, 2011) that the well-known order-of-
magnitude uncertainty associated with N2O emissions from soil (IPCC, 2006) in fact is
the result of most possible situations already being measured, and hence reflecting
variability rather than uncertainty. That would imply that the overall emissions, using an
average of the available highly variable data, match the real situation much better than
expected from the uncertainty numbers provided. This assumption is supported by
encouraging results of inverse models (Bergamaschi et al., 2015).
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Examples of application

The idea of using implied factors, even while not systematically developed, has been
applied successfully in the past already. Literature references used above provide clear
evidence. Implied factors have proven to be practical, and practicability is a prerequisite
of their being used.

With respect to emissions, the national inventory reports submitted under the UNFCCC
in some parts are specifically providing results as implied emission factors. For methane
emission from dairy cattle, IPCC (2006) provides a complex algorithm to take advantage
of metabolic feed conversion to estimate methane emissions. The resulting CRF tables
(also shown in the national inventory report, the NIR — e.g. see Anderl et al., 2022, for
Austria) provide the implied emission factor, the resulting emission per dairy cow.

Also, emission reduction (as the fraction of removed emissions, in percent) has been
used before in the GAINS model. Using the term reduction efficiency, Amann et al.
(2011) describe the fraction not being emitted due to the introduction of an emission
reduction measure — fully independent of the underlying model to estimate emissions.

Examples for implied costs (here as specific costs in EUR/kg pollutant abated) have been
shown provided by Klimont and Winiwarter (2015). Implied costs conveniently show
different abatement measures in comparison, they provide the foundation of a cost
curve (used to optimize an abatement strategy. In MELS, the results provided by Rychta
et al. (2023) are the practical result of this concept.

Conclusion

Complex algorithms to estimate emissions or parameters related to emissions tend to
make the generation process difficult to trace. Methods are needed to create
transparency into this process, such that results derived from different detail level can
be made comparable. Comparability can stretch over different areas, time slices, sectors,
or even chemical compounds. We show here that the use of “implied factors”, simplified
parameters that can be extracted from complex models while representing elements of
much simpler models, can serve as an element creating such transparency. At the same
time, that element would also permit a core element for benchmarking and comparison
more generally. The proposed elements of implied emission factors, reduction
efficiencies and specific costs have already been used in the literature and seem to be
useful and practical for the purpose of creating transparency.
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Appendix: Presentation slides shown at the MELS final meeting

Slide 1

Slide 2

Wilfried Winiwarter

University of Zielona Gora

Potsdam, September 29-30, 2022

MELS final meeting,

» Higher tier approaches promise to deliver

more precise estimates

» Precision in terms of
> Emission quantities

- Emission patterns (spatial, temporal)

o Emission causes (sectoral)

o Emission abatement and abatement cost

» How can we find out if they really do?
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Slide 3

» Methods for benchmarking have been
developed

> IPCC 2006 national GHG inventory guidelines
(Vol. T Ch. 6 QA/QQ)

- EMEP/EEA air pollutant emission inventory GB 2019
(Chapter 6.6 Use and reporting of models)

» Comparing between methods (different tiers)
is similar as comparison between countries

- Normalization required to account for different
size, pattern, ...

UNIWERSYTET

! ZIELONOGORSKI

Slide 4

» Compare like with like
(e.g. emissions for identical spatial and
sectoral system boundaries)

» Compare differences accounting for the
differences (normalizing), e.q.
> By population numbers
> By area
> By economic indicators

» Assess and understand uncertainties
(normalizing adds to uncertainty)
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Slide 5

» Total emissions for full spatial extent
(most general, least meaningful)
» Sectoral split (spatial split)
» Most typically available:
Split between activity data and emission
generating process - implied emission factor
» Separate between situations of different
emission characteristics

- By practice (e.g. mineral fertilizer type; stage in
manure management)

- By abatement technology

LINIWERSYTET

! ZIEL ONOGORSKI

Slide 6

» Taking into account model results

» Implied default emission factor:
emissions per activity unit
(e.g.: kg NH; per animal)

» Implied reduction efficiency (as a
consequence of abatement method):
100 x (1 - Ea/Ed) (%)

» Implied abatement costs
costs per abated emissions
(e.g.: €/kg NH5)
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Slide 7
» Model as “black box” just produces the result,
no details
» Write-out interim results that may provide
disaggregation needed
» Inverse approach: vary input to identify model
sensitivity
! ZELONOGORSKI
Slide 8

» Is higher tier model able to respond to a
given research/policy question?

» Is lower tier (emission factor) approach also
providing this response?

» Do different tier methods provide comparable
results (considering uncertainties)?

» Where do differences occur?
> total emissions
- sectoral emissions
- emission factors
- emission reductions
- abatement costs
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Slide 9

s better than a moreedmpler one————

(HAM’S RAZOR

"Won sunt multiplicanda entia
sine necessitate”

LINMWMWERSY TET

! ZELONOGORSKI
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