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Evaluating the use of marginal abatement cost curves applied to greenhouse gas
abatement in agriculture

Vera Eory

ABSTRACT

Agriculture plays an important role in the transformation towards a ‘low-carbon’ society.
The sector is highly vulnerable to climate variability, and is a significant source of emissions,
while at the same time, it has a potential for reducing greenhouse gas (GHG) emissions.
Developing policies to support GHG mitigation emissions requires information on the
effectiveness and costs of potential mitigation opportunities. Such information is frequently
depicted in marginal abatement cost curves (MACCs), which help to visualise the hierarchy
of mitigation measures and their cumulative level of abatement. Like other tools, MACCs
have certain limitations. Furthermore, different derivations of MACCs are appropriate to
answer different questions. In order to draw both informative and reliable conclusions for
policy decisions, the characteristics of the MACCs and the resulting limitations have to be
presented clearly.

This paper discusses the main limitations of agricultural MACCs (e.g. wider effects,
transaction costs, uncertainty, heterogeneity, non-monetary barriers), reviewing recent
methodological developments. Furthermore, it provides guidelines for researchers and policy
makers about the choice of methods and the communication of the results in order to improve
the use of MACC:s in the policy process.
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Introduction

Climate change is one of the most pressing environmental problems we are facing today. As human
activities are the major drivers behind global warming (IPCC 2013), finding alternative ways for
production and consumption is crucial in alleviating the harm climate change is likely to cause.
However, transforming societies requires both individual and political will, both of them influenced by
a range of factors, including the costs and the benefits of the transformation. The assessment of the
impacts of alternative pathways on the environment and on the economy is therefore necessary for
making informed decisions and designing efficient policies.

One assessment tool to analyse economically optimal greenhouse gas (GHG) abatement is the
marginal abatement cost curve (MACC). MACCs have become rather popular in the past decades:
they are being used to inform policy both about the estimated optimal level of mitigation effort and
about the cost-effectiveness (CE) of possible mitigation measures. Examples include global, continent-
level and country-level MACCs in different sectors of the economy — for an overview of the use of
MACCs see Kesicki and Stratchan (2011). The MACCs’ popularity is mostly due to its ability to
convey information in a highly visual, relatively simple way. However, a number of limitations also
exist. Addressing all of them at the same time could lead to a highly complex analysis, and difficulty
in interpreting results. However, answers to specific policy questions would clearly benefit from
addressing related limitations in conventional MACC analysis. This paper seeks to provide
suggestions on how agricultural MACCs can be improved so that they provide more comprehensive
information to policy makers.

Agricultural GHG MACCs

Agricultural activities on farms has been estimated to account for approximately 11-12% of global and
10% of European anthropogenic GHG emissions {Smith, 2007 843 /id;European Environment
Agency, 2014 1584 /id}. These emissions are predominantly in the form of non-CO, GHGs: namely
N,O (nitrous oxide) and CH, (methane). Most of the agricultural N,O emissions are produced in soils,
with a lesser amount generated during manure management. The main sources are the nitrogen (N)
added to soils (e.g. with inorganic and organic fertilisation, crop residues, atmospheric deposition,
livestock excreta on pastures) and excreted by livestock in animal houses. Additionally, soluble
nitrogen compounds leached into water bodies and gaseous ammonia (NHs) emissions can also be
converted into N,O. Agricultural CH, emissions originate from the digestives system of animals, from
manure stores, and from anoxic soils, like wetlands and rice paddies. In animals, methanogenesis
happens during bacterial fermentation of feedstuff in the rumen of cattle, sheep and other ruminants,
and also takes place, to a lesser extent, in the large intestine of all livestock. In manure management
CHy, is generated during the anaerobic decomposition of livestock bedding and manure, especially in
liquid manure stores. CH, emissions from rice cultivation are globally important, but marginal in
Europe.

MACCs show the cost of reducing pollution by one additional unit as a function of the cumulative
pollution reduction achieved against a business as usual scenario (Figure 1). When compared to the
marginal benefits from pollution reduction, the economic optimum of pollution reduction is defined as
the intercept of these two curves (Pearce and Turner 1989). The marginal cost at the economic
optimum suggests a pollution price or tax level which would theoretically allow achieving the optimal
abatement. MACCs have spatial and temporal context, they refer to a country or specific region, to the
whole economy or to a sector and to a time period of either one year or more, often for a time period
in the future.
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Figure 1. Optimal pollution abatement

Optimal pollution abatement is defined by the marginal cost of abatement and the marginal benefits
from abatement (Pearce and Turner 1989)

The marginal cost of abatement can be calculated in various ways. Vermont and De Cara (2010) group
MACC:s into three main types based on the methodology used to derive the curves. The first is based
on micro-economic models, where the behaviour of the economic agents is modelled to derive the
marginal cost of abatement, usually assuming profit-maximising agents, with the prices exogenously
defined. An example for this approach is a spatial assessment of agricultural non-CO, mitigation costs
in the EU (De Cara et al. 2005). The second approach uses supply side equilibrium models, where
prices are endogenous. These models depict how a bigger region’s economy or a particular sector of it
would behave given the mitigation constraints, like the DICE and RICE models which encompass all
major sectors of the global economy (Nordhaus and Boyer 1999), the ASMGHG model depicting the
US agricultural and forestry sector (Schneider et al. 2007), and the CAPRI model of the European
agriculture (Dominguez et al. 2009). Finally, in the third group, engineering MACCs compile
information on the costs and mitigation effectiveness of a set of mitigation measures to calculate their
average CE and then plot these mitigation measures according to increasing CE to derive the MACC.
Examples include the McKinsey MAC curves (Naucler and Enkvist 2009) and the sectoral UK
MACCs commissioned by the Committee on Climate Change (Collier et al. 2013b). The second
approach captures economy-wide interactions and is less prone to double counting of emissions or
mitigation than the micro-economic and engineering approach. On the other hand, those two
approaches are better suited to explore the details of mitigation measures (Kesicki and Strachan 2011).

Addressing the limitations of the MACCs

As any assessment tool, MACCs have their shortcomings (Kesicki and Ekins 2012, Kesicki and
Strachan 2011, Vermont and De Cara 2010), and research has been carried out to address a few of
these limitations. Nevertheless, many caveats are addressed only sporadically and the methodologies
developed have not been taken up widely by subsequent studies. Table 1 provides an overview of the
limitations and relevant research targeting these limitations.



Table 1. Main limitations of the MACCs and examples for research targeting these issues

Boundaries of the analysis
are not fit for purpose or not
clearly defined

Some studies present MACCs with contrasting
boundaries (Schulte et al. 2012).

MACCs and CE estimates should be distinguished and
estimated at the farm level, domestic and global supply
chain level wherever possible.

*%*

Definitions of the mitigation
measures are not specific
enough at the farm level

Though some multi-sectoral and global agricultural
MACCs assess very broad mitigation options, most
sectoral MACCs are more specific.

More accurate mitigation measure definitions during
research and intensive dialogue between researchers and
stakeholders about the technological details would be
beneficial.

Discount rate used is not fit
for purpose

Some studies estimate the CE and the marginal
abatement cost at different discount rates (Moran et al.
2008, Pape et al. 2008).

Social and private discount rates should be both used to
create contrasting MACCs wherever possible.

**

GHG effects are not fully
represented

N,O and CH, sources are considered in most studies,
while CO, emissions and soil and biomass C
sequestration are not always. A few studies include all
sources mentioned (Golub et al. 2009, Schneider et al.
2007).

Even though the main agricultural GHGs are N,O and
CH,4, CO, emissions and C sequestration should both be
mainstreamed in MACCs.

**

Heterogeneity is not
represented

Most engineering MACC:s are constructed for a region
or a country aggregating all agents within a sector, but
example exist looking at the heterogeneity of CE
(Biggar et al. 2013)

Heterogeneity both in unitary abatement and costs are
important factors in the potential uptake and total
abatement estimates. MACCs for representative farm
types, farm sizes or regions can be constructed to reveal
the heterogeneity.

*%

Interactions between the
mitigation measures and
their effects on abatement
and cost is not represented
or not clearly defined

Most studies consider interactions to various extent,
though they are not always clearly explained.

Clarity on the interaction methodology is needed.
Furthermore, biophysical information on interactions
could be used more widely in MACCs.

! *: most of the MACCs are adequate in this respect, but clearer reporting and communication of the relevant limitations to policy makers is needed;
**: some MACCs overcome this limitation, but wider uptake of these approaches (when appropriate to the policy question) is needed;
***: no agricultural MACC has addressed this problem appropriately, according to the knowledge of the author




Table 1. cont.

Marginal benefits are
misrepresented

Studies report the whole MACC curve and thus
abatement potential at various marginal benefit values
(i.e. CE threshold) can be obtained.

MACC studies should provide the spatially and
temporally relevant marginal benefit value.

Market effects are not
represented in engineering
and micro-economic
MACCs

Hybrid approaches (a combination of equilibrium and
engineering models) exist in other sectors (Andreas
Schafer and Henry 2006).

The high differences in abatement rate between
equilibrium models on one side and micro-economic and
engineering models on the other side (Vermont and De
Cara 2010) suggest that a hybrid approach in agriculture
would be informative.

*kx

Non-monetary barriers are
not represented

No examples were found.

No study seems to have addressed the non-monetary
barriers explicitly in agricultural MACCs. Agent based
modelling and multi-criteria analysis might be useful
approaches to complement MACCSs in this respect.

*kk

Transaction costs are not
represented

Transaction cost studies exist regarding agro-
environmental policies (Ducos et al. 2009, Krutilla
2011, Mettepenningen et al. 2009).

No agricultural MACC seems to have explicitly taken
into account transaction costs; transaction costs
depending on the policy instrument suggested should be
part of the total costs.

*kk

Wider effects are not
represented

MACCs showing some co-effects in physical quantities
already exist (Anthony et al. 2008, Brink et al. 2001,
Brink et al. 2005, Wagner et al. 2012), and non-
agricultural studies exist on monetised co-effects
(Gielen and Changhong 2001).

No study seems to have included the monetised co-effects
into agricultural MACCs; the wider effects should be part
of the CE assessment.

**

Uncertainty is not
represented

Examples of MACC with uncertainty analysis exist in
other sectors and whole economy assessments (2006).

Agricultural MACCs should also include uncertainty
analysis.

*kk

! *: most of the MACCs are adequate in this respect, but clearer reporting and communication of the relevant limitations to policy makers is needed;
**: some MACCs overcome this limitation, but wider uptake of these approaches (when appropriate to the policy question) is needed;
***: no agricultural MACC has addressed this problem appropriately, according to the knowledge of the author




As Table 1 shows, some of these issues have been tackled by a number of authors, while others were
hardly, or not at all addressed in agriculture. Three potential problems have been overcome in most
agricultural MACCs; these are inaccurate mitigation measure definitions, accounting for interactions
and using appropriate marginal benefits. However, reporting and communicating research and its
limitations to stakeholders still need to improve in these areas. Five potential limitations (boundaries
of the analysis, choice of discount rate, accounting for all main GHG effects, heterogeneity and
considering wider effects) have been addressed at least in one study about agricultural MACCs; these
methodologies are potentially transferable. A wider future use of these approaches is suggested.
Finally, four more limitations (inclusion of market effects, non-monetary barriers, transaction costs
and the accounting for uncertainty) have not been addressed in agricultural engineering MACCs to the
knowledge of the author. Here a greater research effort is required in the future.

Wider effects

MACC:s are designed to look at the CE of reducing one specific type of externality. As opposed to cost
benefit analysis (CBA) they have the advantage of looking at the pollution in physical units instead of
converting these units into financial units. This prevents introducing an additional uncertainty related
to monetising the effects of the pollution. On the other hand, this also constrains the analysis to that
single pollutant, without offering an easy way to compare the GHG mitigation efforts with actions to
abate other pollutants. Furthermore, the use of physical units does not take into account the effects of
GHG mitigation efforts on other pollutants. However, the wider effects can significantly change the
results of CE or CBA assessments (Glenk and Colombo 2011, Nemet et al. 2010).

Not including the wider effects can become a limitation for two reasons. First, a MACC cannot be
used to answer questions about the most efficient allocation of funds among different sustainability
goals. However, the MACC approach is still well suited for high-priority issues, like climate change,
or where previously agreed pollution thresholds have to be achieved (e.g. regional water pollution), or
when the funding sources for the particular pollutant have already been agreed upon.

Second, if a GHG mitigation activity affects other sustainability goals either in a positive or in a
negative way, for example reducing GHG emissions but at the same time decreasing diffuse water
pollution or increasing food scarcity, the co-effects would make the GHG mitigation activity more or
less desirable than a pure GHG CE metric can tell us. Many potential mitigation activities in
agriculture have significant co-effects on air pollution (NHjz), diffuse water pollution (nitrate (NOs)
leaching), biodiversity and food safety. Assessing these effects together is of high importance. For this
purpose a single pollutant MACC can be complemented with qualitative or quantitative assessment of
the co-effects, thus providing policy guidance on the overall effects of the mitigation measures.

The research on modelling multiple pollutants has been developing rapidly in the past two decades.
There are two divergent technical solutions for the integration. The pollutants can be represented in
one single model, as in the GAINS model (Amann et al. 2011), where five air pollutants and six
greenhouse gases are considered. Alternatively, the effects on different pollutants can be modelled
independently, like in Anthony et al. (2008), who used six different process models to obtain
information on six pollutants. The single model approach might require more investment in model
development but can provide better consistency and easier future application, while the benefits of the
other approach is that it can include more detailed and robust results on the individual pollutants.

There are two main approaches for the optimisation as well. One method is to optimise for one
pollutant while presenting the effects on the other pollutants, see an example by Schneider et al.
(2007). The other was is looking for optimal solutions integrating the effects of all pollutants in
parallel (Anthony et al. 2008). This integration can be achieved in three ways. First, if a common
pollution unit can be derived for the pollutants in question, a simple MACC can be constructed. This is
the case for all GHG MACCs which look at more than one GHGs: the common metric is CO,-
equivalents; non-CO, gases usually being converted by using global warming potential (GWP) values.
Alternative metrics are also in use, such as radiative forcing (van Vuuren et al. 2006). The choice of
metric makes a difference in the importance of the different GHGs over short- and long time horizons
(Reilly et al. 1999). Prioritising mitigation measures within agriculture and between agriculture and



other sectors has to take into account this issue, as the majority of agricultural GHG emissions both
globally and in Europe are in the form of non-CO, gases CH, and N,O.

Second, when no physical unit can be easily constructed for the integration of different pollutants, a
composite indicator can be constructed (OECD 2008). To do so, the effects of the various pollutants
have to be normalised in order to allow comparison (e.g. by comparing each to a respective target, like
a damage threshold, or, if such a target value is not available, using standardisation or min-max
techniques). Weighting and aggregation rules also have to be set. Preferential weighting of the
pollutants (and other indicators, including social targets and costs) can be developed in a multi-criteria
analysis approach, where the importance of each indicator in the evaluation is set by the decision
makers or the analysts (Linkov et al. 2006). The approach allows for including effects which only
have semi-quantitative information and is well-suited to reflect stakeholders’ preferences. Multi-
criteria analysis has been used in the assessment of GHG mitigation policy instruments (Konidari and
Mavrakis 2007) and adaptation strategies (de Bruin et al. 2009).

Finally, the effects on multiple pollutants can be integrated via converting the physical units to
monetary values (Winiwarter and Klimont 2011). This is possible if the damage cost estimates of the
pollutant are available. The monetary value of the damage avoided can be added to the financial costs
of the mitigation measure and then evaluated against the primary pollution thus conducting a CE
analysis extended to co-effects. On the other hand, if all the environmental effects are converted into
monetary terms, a cost benefit analysis becomes possible (Pretty et al. 2000). While the results of such
approaches can be presented in visual ways which are easy to understand, the choice of damage values
might have a significant impact on the results. This can limit the usefulness of the method particularly
when the damage values are very uncertain, have a high spatial or temporal variability or if a strong
threshold effect exists.

Transaction costs and the cost-effectiveness of policy instruments

Agriculture, consisting of a very heterogeneous group of agents and burdened with the difficulties of
spatially and temporally highly variable GHG emissions, is a sector where market-based instruments
are usually very costly to set up. This, combined with other barriers in international negotiations,
creates a situation where promoting mitigation via voluntary or targeted obligatory regulations are the
favoured policy instruments over market-based instruments (Beddington et al. 2012, Kasterine and
Vanzetti 2010). The development of such policy instruments, particularly the prioritisation of
mitigation measures for compulsory and voluntary regulations, requires detailed information on the
mitigation measures. MACCs derived from equilibrium models provide information for the evaluation
of general policy scenarios (e.g. a carbon tax or a subsidy), but are less suitable to the comparative
analysis of mitigation measures, which, in turn, could feed into regional policy development.
Engineering MACCs are capable of informing this type of policy development well, though two
considerations have to be addressed.

The effectiveness of policies in terms of generating additional abatement is an important factor in
policy CE. Policy instruments operating on the basis of non-subsidised voluntary uptake are likely to
achieve lower uptake than policy instruments providing financial subsidies and thus transferring part
of the private costs to public costs. Moreover, compulsory regulations might lead to even higher
uptake. Engineering MACCs work on a basis of an assumed uptake rate, which has a major influence
on the abatement achievable. In some MACCs 100% uptake is assumed, i.e. the results present the
maximum technically available abatement (Moran et al. 2008), while other MACCs divide the 100%
uptake evenly between the measures (DeAngelo et al. 2006), or they assign uptake values to
individual mitigation measures (Pellerin et al. 2013). However, rarely do they link their assumptions
to policy instruments to be used in the future. Such assumptions on policy compliance can be derived
from ex post assessments of similar environmental policies (Mettepenningen et al. 2009) or can be
estimated via econometric models (Ducos et al. 2009). Additionally, the level by what public agents
take over cost elements from the private sector has a profound effect on uptake, and for this reason it is
good practice to make a distinction between private and public costs in the MACCs.

Second, transaction costs, which go beyond the technical implementation of the mitigation measures,
can be of high importance. These are the costs related to policy making from the planning phase
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through enforcement, and can range between 21-50% of total costs (Coggan et al. 2010). They include
ex ante costs of establishing environmental entitlements (e.g. information collection, legislation
development) and ex post costs of implementation (e.g. administration, contracting, monitoring,
enforcement) (Krutilla 2011, McCann et al. 2005). Although most of these costs are usually public
costs, private agents also incur part of them mainly in the form of time required for information
gathering and record keeping. Estimating these costs is often difficult, but including them in the
calculations can improve the abatement and cost projections.

Overall, an engineering MACC can be used to inform ex ante assessment the CE of environmental
policies by first producing a maximum technical potential abatement MACC and then building in
information on policy packages (i.e. clearly defined policy instruments targeting a detailed set of
mitigation measures, with an estimated level of uptake and compliance, complemented with
transaction costs estimates).

Uncertainty

Robust policies, which are able to achieve their objectives across a range of possible futures, have to
be developed by taking into account uncertainties (Lempert and Schlesinger 2000). Uncertainty
analysis is becoming part of economic assessments looking at GHG mitigation, particularly in global,
multi-sector models and in the energy sector (Peterson 2006). However, to date, research on the
economics of GHG mitigation in agriculture has rarely included uncertainty analysis, even though this
would be of high importance to inform regional, mitigation measure specific policy design. The
heterogeneity of the sector and the spatial and temporal variability of emissions pose particular
challenges for uncertainty assessments.

Uncertainties associated with uptake levels, mitigation potential and costs of future GHG mitigation
measures all contribute to the uncertainty of the MACC. They are a result of both the stochastic nature
of and our limited knowledge about the underlying biogeochemical, economic and societal processes,
human behaviour and politics. On one side, biogeochemical processes have a significant influence on
land use activities, farm management decisions and associated emissions. Their uncertainties filter
through to the uncertainties in the effectiveness of mitigation measures. One example is the N,O
emissions arising from N fertiliser application. These emissions vary significantly with the weather
conditions under static management, and at the same time weather conditions also define management
decisions about fertilisation, adding another layer of stochasticity to the GHG emission and mitigation.
On the other side, the economic and policy environment are also crucial in land use decisions, and
their uncertainty contributes to the MACC uncertainty as well. For example price fluctuations, the
uncertainty in future changes in policy regulations (e.g. subsidies for renewable energy or Common
Agricultural Policy (CAP) payments) and farmers’ reaction to these changes are all important factors
in uncertainty.

Some of these uncertainties can be quantified (expressed as probabilities) and hence included in
quantitative models, although information on them often does not yet exist in the scientific literature.
Other uncertainties cannot be quantified statistically; this is particularly the case for complex models
predicting the future (Hallegatte et al. 2012) and for value uncertainty, like the choice of discount rate.

The MACC methodology is able to accommodate information on quantifiable uncertainty of the
optimal abatement and the CE of the mitigation measures and can convey it in a relatively simple
language. Uncertainties which cannot be quantified have to be presented alongside the results as well
so that policy makers and other users of the MACCs would be fully aware of the applicability and
robustness of the results. Not overlooking the difficulties of communicating uncertainty between
scientists and policy makers, a mutual engagement from both sides is required to widen the use of this
type of information in policy making (Smith and Stern 2011).

Boundaries

MACC:s relate to a sector or the whole economy of a region, country or group of countries, to a
particular time period, and they also have boundaries in terms of what cost elements and emission
sources are included. According to these features they can be useful in different policy contexts.

MACCs depicting national mitigation effort in a group of countries can inform international
agreements and regulations, like policies in the European Union (Blok et al. 2001). Similarly, a series
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of sectoral MACCs related to an economy can be used for designing sector-specific targets, e.g. the
UK Carbon Budgets (Anon. 2014). However, to avoid double counting of mitigation, the boundaries
among the set of MACCs have to be clearly defined and stay within their respective regional and
sectoral limits. In such a methodology mitigation measures are evaluated within the relevant
spatial/sectoral boundaries without considering effects beyond. For example the effects on emissions
related to soya production of reducing N in livestock diets are not included, neither the changes in
emissions from N fertiliser production due to the reduced application of synthetic N fertilisers. Taking
into account the full GHG effects of mitigation measures are possible with a life cycle analysis (LCA)
approach. As Schulte et al. (2012) presents, the resulting abatement potential and CE can be different
from the conventional MACC. While the national and sectoral approach is important for allocating
mitigation effort between countries and sectors, decision makers should not solely rely on them. The
assessment should be complemented with LCA-based results to avoid potential emission leakage,
where unintended additional emissions happen in other countries or in other parts of the supply chain.

A related issue is the methodology used to calculate the baseline GHG emissions and the potential
mitigation, particularly the difference between IPCC and other approaches. The national GHG
inventories calculate agricultural emissions by a combination of methodologies called Tier 1, Tier 2 or
Tier 3 methods (IPCC 2006), and consider mitigation where there is a robust evidence to justify the
effect. As these national inventories provide the starting point for international agreements, policy
makers would aim to achieve mitigation which can be reflected in these inventories. On the other
hand, MACCs explore further mitigation measures which currently might lack robust, quantified
evidence on the overall mitigation effect. Furthermore, the abatement potential of an mitigation
measure is different depending on which IPCC methodology is used, and, as discussed also above,
differs further with other methodologies (Lengers and Britz 2012). Therefore, policy makers would
find it useful to know how much of the abatement can be represented in the national inventory, what
methodological developments are needed to reflect all robust mitigation in the national inventory, and
what the additional emission consequences are of those mitigation measures which are not represented
on a particular MACC or in the national inventory.

A similar dilemma exists for the choice of production and consumption based emission accounting.
Consumption based emissions differ from production based emissions in that they include the
embedded emissions of imported goods and services and exclude the emissions related to the
production of exported goods and services. Production related emissions are higher than consumption
related emissions in China and Russia, while most of the Kyoto Protocol Annex | countries show the
opposite pattern (Lenzen et al. 2013). The gap between consumption and production based emissions
have been widening in the past years in the UK (Collier et al. 2013a). Most agricultural MACCs have
been using a production based accounting. Even those, which consider one or more mitigation
measures targeting food consumption, look at production based emissions (Westhoek et al. 2014), and
do not account for imports and exports of agricultural products. The production based approach is
suitable for most of the policy options as these policies mostly targeting the farmers rather than the
consumers, but for the assessment of policy instruments targeting consumption further developments
are needed in the MACCs.

A final boundary concern is the temporal relevance of the MACCs. Annual MACCs (or a series of
annual MACCs over a time period) can be used as snapshots of abatement potential and costs when
planning for reduction targets and milestones. However, cumulative MACCs (integrating abatement
potential over a longer period of time) can be also useful if mitigation measures differ significantly in
how their costs, mitigation efficiency or uptake changes over time. While shorter-term MACCs,
limited to individual sectors and regions, can feed into rapid policy design, longer term and economy-
wide MACCs have also be considered to avoid lock-in situations. Lock-in situation can occur if a
pathway, which is favourable in the short-term, is followed and makes it costly to change to another
set of actions, which are more favourable in the long-term (Vogt-Schilb and Hallegatte 2011). Even
though many of the mitigation measures suggested in agriculture are easily reversible (e.g. the
administration of animal feed additives), longer term investments like establishing or improving soil
drainage, irrigation, animal housing or anaerobic digestion might create pathway-dependency. These



can become obstacles when system transitions (e.g. changing the location of cropping and grazing
areas) become preferable (especially due to changing climatic conditions).
Definitions of the mitigation measures

Engineering MACCs are based on the assessment of technological or management options, which are
assumed to be replacing current technology or management and thus provide mitigation measure. Due
to the differences in farming practices, the categorization of the mitigation measures is not without
difficulties. Moreover, scientific reports and knowledge exchange documents all differ in terms of the
broadness and accuracy of their mitigation measure definitions. For example ‘nutrient management’
can be considered as one broad mitigation measure, but often it is separated into five, ten, or more
mitigation measures, like ‘Reduce the rate of mineral fertiliser by more effectively adjusting yield
targets’, ‘Improved timing of mineral fertiliser N application’ or ‘Use nitrification inhibitors’. These
mitigation measures are sometimes further divided, like the ‘Use nitrification inhibitors’ can be
disaggregated according to the type of fertiliser it is used on (mineral or organic). Though the context
specific development of mitigation measures is essential and a universal mitigation measure list do not
exist (Smith 2011), the diversity in the definitions makes the comparison between studies difficult.

A further complication is that very often the choice between practices is more of a continuous than of
a discrete nature. A typical example is the timing of nitrogen fertilisation. Though a discrete choice
exists between applying the whole amount of fertiliser at once as opposed to splitting it into two (or
more) applications, the exact timing of the application relative to the growth stage of the crop is almost
a continuous choice. Similarly, changing the proportion of ingredients in the livestock diet is a
continuous choice. For instance, ‘Increasing concentrates in the diet’ is widely featured as a mitigation
measure, but studies very rarely provide detailed advice on what should be the composition of these
concentrates and what proportion should they make up in the diet. The choices and circumstances in
the previous examples are all important driving factors for GHG emissions, but cannot be easily
defined and described. These — practically necessary — simplifications increase the uncertainty in the
abatement potential estimates and at the same time enhance the risk of miscommunication between
researchers and stakeholders, particularly farmers.

Discount rate

The choice of discount rate is a much debated and very important question in environmental CBA and
cost-effectiveness analysis (CEA). The discount rate reflects the time preference of the individuals and
society: the higher the discount rate, the more emphasis is put on costs and income happening earlier.
For private investments normally the return on investments is used as discount rate, representing how
much the money could grow if invested in the market. Contrastingly, long-term public investments are
discounted with a lower discount rate to represent the inter-generational equity better. This social
discount rate can be constructed as a declining discount rate as opposed to a constant low discount rate
(Arrow et al. 2013). Individuals might also have discount rate preferences depending on the time
frame considered (Grijalva et al. 2014). The existence of these two contrasting discount rate, private
and social, poses a problem to MACC analysis: for example, shall afforestation costs and benefits be
discounted with a private or a social discount rate? Which discount rate shall be used when assessing
the construction of anaerobic digesters? The answers would partially depend on whether the
investment is expected to be financed by private individuals or from public money. As MACCs often
do not refer to a very particular policy environment where the share of public versus private funding is
determined for each mitigation measure, the choice of discount rate remains unresolved. However,
alternative MACC evaluations can be presented based on the different discount rates and this can
inform policy makers about how the CE of the mitigation measures are different from the perspective
of the farmers and of the public budget.

GHG sources

As discussed above, agricultural GHG emissions consist of N,O, CH,, and only to a smaller extent of
CO.,. On the other hand the importance of agriculture for N,O and CH,4 emissions is high.
Consequently, the main focus of MACC studies has been on N,O and CH,4 mitigation, with little or no
attention to CO, emissions and C sequestration. This might be unintentionally encouraged by the
IPCC GHG inventory methodology, where some important CO, sources and CO, sinks (hamely
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emissions and sequestration from agricultural land use change and emissions from fuel and energy
use) are reported outside of the ‘Agriculture’ category.

Though by now most agricultural MACCs consider CO, as well as N,O and CH,, changes in biomass
and soil C content is often neglected, even though globally, the majority of the economically efficient
abatement arises from the increase in soil C stocks (Smith 2011). This suggests that the soil and
biomass C stock changes are of importance for MACC studies, and neglecting them might result in
underestimating the abatement potential.

Heterogeneity

The heterogeneity in the farming system (regarding farming systems, practices, climatic and soil
conditions and farmer behaviour) is reflected in the difference in the pollutant profiles of the various
farms (Dalgaard et al. 2011). Beyond the heterogeneity in emissions, the sector also exhibits
heterogeneity in resource constraints (e.g. access to labour and capital) and in the financial structure of
the farm. Altogether, these result in the heterogeneity of abatement and abatement costs. As
engineering MACCs use estimated average values to describe the sector, the range of potential
differences in abatement and CE of the mitigation measures is most often overlooked, one of the few
exemptions is the CE analysis of mitigation options in the US agriculture (Biggar et al. 2013). Micro-
economic and equilibrium models represent a range of farms, farm types or agricultural regions and
therefore are able to present the heterogeneity of the abatement costs (De Cara and Jayet 2000),
though not for individual mitigation measures. Without information on the level of heterogeneity and
the differences between farm types, farm sizes, etc. the effectiveness of policy instruments targeting
specific mitigation measures might be lower than expected.

Interactions

mitigation measures often involve making management or infrastructural changes on the same
production factors or processes. To construct a MACC, this necessitates the mitigation measures to be
considered as processes interacting with each other, both in terms of mitigation effect and costs.
Assessing the mitigation measures independent of each other leads to a so-called stand alone CE
analysis of the mitigation measures, which is informative if it is likely that agents will only implement
one or very few mitigation measures. However, stand alone assessment is not suitable for deriving a
cumulative abatement potential due to potential double counting, or not accounting for mitigation and
costs. MACCs based on equilibrium models and micro-economic models inherently capture part of
these interactions, based on how the GHG emissions are represented in the models. Those interactions
which relate to resource use belong to this group, for example the N,O mitigation potential which can
be achieved by optimised N fertilisation of grasslands is reduced if the share of legumes in the swards
has been increased — this is usually captured in the models if the fertilisation rate on grass-legume
swards is lower than on pure grass swards. Other interactions can only be included in these models by
additional modifications in the model, for example if the N flow is not built in the model, then the
reduced N,O abatement achievable with slurry cooling having already decreased the N content of the
diet is not automatically modelled. On the other hand, engineering MACCs do not include any
interactions by default, but they have to be built in them via, for example interaction factors which
alter the abatement potential or costs of a mitigation measure based on which other mitigation
measures have already been implemented (i.e. all of the mitigation measures which are to the left on
the MACC from the mitigation measure in question).

Marginal benefits of mitigation

To attain the economically optimal abatement the marginal costs of GHG mitigation have to be
compared with the marginal benefits. GHG mitigation benefits arise from the avoided impacts like
changes in global temperature, extreme weather events, see level rise and sea acidification. The
marginal benefits are a function of the emission level, i.e. the amount of emission abated (Tol 2005),
the location of the benefits (Anthoff et al. 2009), and the timing of the mitigation (Frankhauser and
Tol 1996). Though these considerations are important in long-term and international decisions, they
are rarely considered in MACCs, where usually the marginal benefit is approximated with a constant.
This simplification is partly appropriate for MACCs carried out at a smaller scale, e.g. at national
level, assuming that the mitigation level does not have a significant effect on the global emissions —
this assumption corresponds with the fact that policy decisions about low carbon efforts are ultimately
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determined at a national level (Anthoff and Tol 2010). However, marginal benefits can change
considerably, for example Price et al. (2007) estimation for the social price of carbon changes from
£18.6 t CO,e™ to £59.6 t CO,e™. Thus the economically efficient abatement potential can change
considerably over time as well. A representation of this temporal change is possible by constructing a
set of annual MACCs as snapshots covering a time period, each of them using the relevant carbon
price.

Market effects

Agri-environmental policies targeting GHG emissions are likely to impose various changes in the
costs of crop and livestock production, which, in turn, might lead to changes in the supply of
agricultural products, especially if the policy impacts on a substantial number of farms. A shift in the
supply will eventually lead to changes in the agricultural commodity prices, with a feedback on the
whole sector and beyond. By definition, micro-economic and engineering MACCs are not capturing
these feedback loops, and therefore their estimates are only valid within the assumption that prices will
not be significantly affected by the mitigation policies. On the other hand, in equilibrium models these
prices are endogenously defined, and their results account for the market effects.

Non-monetary barriers

MACC:s capture the technological costs, for example investment in new machinery and savings in
resource use. As mentioned above, other cost elements, like transaction costs and policy costs are
usually not considered, and, as they are based on some form of profit maximisation assuming rational
agents, neither behavioural barriers are included. In reality, farmers have a mixture of objectives
which includes profit maximisation but also risk aversion, environmental attitudes and social context
as important factors in decision making (Pannell et al. 2006). These factors, along with lack of
information, regulatory and market constraints, can create barriers for uptake of mitigation measures
beyond the cost aspects (Feliciano et al. 2014). This phenomenon is most visible in the presence of
‘win-win’ mitigation measures on the engineering MACCs. Win-win mitigation measures are
estimated to have negative CE, i.e. they are estimated to generate savings as opposed to costs.
Assuming rational agents the win-win measures can only be understood as a consequence of
underestimated costs, but the existence of non-monetary barriers can explain their appearance on the
MACCs. When policy makers consider the low hanging fruits, or, indeed, any other mitigation
measure, information on these barriers is needed to complement the CE results in order to design
efficient policies.

Conclusions

MACCs and CE assessments have proved to be popular instruments for informing environmental
policy decisions. The usefulness of information provided by MACCs is maximised if users of this
information are aware of the relevance and limitations of the analysis and, where possible, use
alternative forms of MACCs, and complement their evaluation with other types of assessments,
depending on the policy question in place.

Guidance — intended for policy makers and other stakeholders — on how the limitations can affect the
cost, cost-effectiveness and abatement estimates of the MACCs is presented in Table 2. The table also
provides practical guidance on how to minimise these problems.
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Table 2. Summary of the main limitations of the MACC with suggested approach when providing information to policy decisions
Economically

Main limitations

Boundaries of
the analysis are
not fit for
purpose or not
clearly defined

Potential problems

If the boundaries are defined as the farm and/or

domestic emissions, then there is a potential for

emission leakage, i.e. some mitigation measures
with seemingly low CEs can be supported while
they increase emissions outwith the farm gate or
in other regions.

Unitary CE®

Over- or under-
estimated

efficient
mitigation

Over- or under-
estimated

Suggested policy approach

To assess which mitigation measures are the most
cost-effective and provide the highest abatement at
the global level use analysis looking at the whole
supply chain and global effects. If not available,
obtain quantitative assessment about the potential
effects beyond the farm gate.

If the boundaries are broader than the farm gate
and/or domestic emissions and at the same time
the analysis is cross-sectoral or covers multiple

Over- or under-

Over- or under-

To assess effort sharing between sectors or regions
use MACCs which stay within the boundaries of the

specific enough
at the farm level

might differ from what had been suggested at the
first place, likely reducing the mitigation effect.

regions then part of the mitigation potential estimated estimated individual sectors/regions.

might be double counted.
Definitions of the Communication between researchers, farmers,
mitigation policy decision makers and other stakeholders is Ensure that communication towards stakeholders is
measures are not  impeded. Actual changes in farming practices No bias No bias specific in articulating the suggested technical and

management changes on farm.

Discount rate
used is not fit for
purpose

Private or public costs are under- or
overestimated (especially for capital intensive
mitigation measures), inter-generational equity is
not addressed.

Over- or under-
estimated

Over- or under-
estimated

Use MACCs with contrasting (private and social)
discount rates. If possible, use CE and uptake
estimates where mitigation measures likely to be
publicly/privately funded are assessed with a
social/private discount rate, respectively.

GHG effects are
not fully
represented

Unintended emission or not-accounted mitigation
might occur, thus the mitigation potential of
some mitigation measures would be under- or
overestimated.

Over- or under-
estimated

Over- or under-
estimated

Use MACC:s considering changes in C stores (both
soil and biomass) alongside N,O, and CHy, or, if not
available, obtain quantitative assessment about which
mitigation measures have potentially high effect on C
stores.

! Note that the higher the CE the less favourable the mitigation measure is
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Table 2. cont

Main limitations

Potential problems

The differences in CE and mitigation potential
between regions, farm types etc. are overlooked,

Unitary CE?

Economically
efficient
mitigation

Suggested policy approach

Use MACC:s assessing heterogeneity in costs and
abatement. If not available, flexible policy
instruments can be designed to support mitigation

Heterogeneity is  therefore policy instruments mlghF fall in some No bias Ov_er measures with a wide range of private CE, e.g.
not represented  areas. Farms where the CE of a mitigation estimated S - .
L linking financial support to expenses and opportunity
measure is higher than the average CE would L
costs occurred rather than providing a flat rate
show very low uptake.
support.
Interactions MACC is presented without accounting for
between the interactions, therefore potentially double- Under- Over- . - .
mitioation . ' fth potentially dout | estimated estimated Only use MACCs which account for interactions
meags’ures and counting part of the mitigation potential. when assessing total regional abatement. On the other
their effects on h . lcul ith L hand, use CE and abatement of the individual
abatement and The CE estimates calculated with considering mitigation measures (or a small package of mitigation
cost is ot m;[]eract;]onls_ Ifrf used tko assesls CEI'_” s_|tuat|onsf Over- Under- measures) in regional policy design if realistically
represented or wr gret_ e likely uptake would be 'm_'teF’ toafew estimated estimated each individual farmer will not implement more than
P mltlgatl_on measures (therefore very limited a few mitigation measures.
not clearly interactions would occur).
defined
Ensure that the CE threshold used is consistent with
Marginal _mal Incorrect CE threshold is used for defining the . Over- or under- the s_patlal and_ tempqr_al_relevance_ of the MACC; it
benefits are - . L No bias . possible, obtain sensitivity analysis results for the
—_— economically efficient mitigation estimated ; L A .
misrepresented economically efficient mitigation at different
thresholds.
Market effects
are not Potential effects on commodity markets are not Use general equilibrium (‘top-down’) MACCs to
represented in captured and therefore some effects on food Under- Over- complement engineering (‘bottom-up’) MACCs,
engineeringand  security, farm profitability and also on the CE of  estimated estimated especially if large-scale changes in the amount of

micro-economic
MACCs

the mitigation measures might be overlooked.

products or in farm finances is likely to happen.

! Note that the higher the CE the less favourable the mitigation measure is
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Table 2. cont.

Main limitations  Potential problems Unitary CE?

Non-monetary Voluntary uptake might be lower than predicted

Economically

efficient
mitigation

Suggested policy approach

Complement MACC analysis with analysis of the
barriers of the different mitigation measures. Ideally,

represented are underestimated, which might result in

overspending or underdevelopment of the policy
instruments.

barriers are not  (and compulsory uptake might be more No bias Over- uptake estimates should take into account the
reoresented bur densor?we) yup g estimated potential main barriers in relation to each mitigation
P ' measure and policy instrument. Higher stakeholder
involvement can help to improve the estimates.
If the private transaction costs are not captured,
then _the voluntary uptake might be I(_)wer than If no MACC is available where transactions costs are
. predicted (and compulsory uptake might be . o o

Transaction - . - estimated and built in, then use qualitative
Sosts are not costlier). If the public transaction costs are not Under- Over- assessment of the likelv level private and public
—— captured, then the cost of the policy instruments  estimated estimated y P P

transaction costs in relation to mitigation measures
and policy instruments.

Integrated policy development is impeded:
Wider effects are  mitigation measures with negative co-effects

Over- or under-

Ensure that all the regionally/globally important
environmental and societal effects are assessed, either

mitigation overestimated: costly or low potential
mitigation measures might be overfunded, and
vice versa.

. Y . No bias - included in the costs/benefits, or in physical terms. If
not represented might be supported, mitigation measures with estimated I . o
ositive co-effects miaht be overlooked no quantitative results are available, use a qualitative
P g ' overview of the potential synergies and trade-offs.
Not robust enough policy instruments, possible . . .
future changes ig e(F:)onor)Tgic or cIimate/\F/)veather Uncertainty analysis can _be carried O.Ut on the MACC
conditions can drastically reduce the CE of the (e.g_. Monte Qarlo anal_y3|s). Alternatlvely robu_st
Uncertainty is policy instruments. Over- or under-  Qver- or under- decision makmg technlque_s can be used. In pollc_y
not represented If costs or baseline uptake underestimated or estimated estimated development. Finally, sensitivity analysis can still

reveal how the CE or the abatement potential might
change in case of over- or underestimated input
variables.

! Note that the higher the CE the less favourable the mitigation measure is
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The overall conclusion can be made that agricultural MACCs can be improved so that to provide
more comprehensive information to policy makers. Some improvements are to be made in
communication between scientists and stakeholders, like the definitions of the mitigation measures, or
the boundaries of the analysis. Other potential limitations are already addressed in agricultural
MACC:s, either widely (accounting for interactions, choice of discount rate, accounting for all main
GHG effects) or in a few studies. It is suggested that these methodological improvements should be
applied more widely. Quick further progress can be achieved with the more widespread application of
the relatively less resource intensive methodological improvements, like creating a private and a
social MACC using relevant discount rates. Other improvements require the introduction of more
complexity in the models (like addressing the problems around the boundaries of the analysis, wider
effects, accounting for uncertainty). Admittedly, the quantitative representation of all these issues in
parallel could provide computational difficulties and, could also impede the understanding of the
results. A pragmatic approach is suggested therefore, whereby specific quantitative methodologies are
used to answer specific policy questions, having the results complemented with qualitative analysis
related to other limitations.
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f[ Boundaries ]

* Are the results suitable more for sectoral/regionalanalysis or to look at the
global GHG effects?
\ 7

’_[ Definitions ]

J

* Provide detailed technical description of the mitigation measures

J Discount rate ]
4 A

* Private or social discount rate is used?

* Which are the mitigation measures most affected by the choice of discountrate?

* Are the assumptions on uptake aligned with the discount rate used?

J
’_[ GHG sources ]
*What GHG emission sources are included?
f[ Heterogeneity ]
J N
*Is there likely to be significant heterogeneity in the results?
*What are likely to be the main sources of heterogeneity?
L *|s the limitation regarding heterogeneity addressed? )
([ Interactions ]
4 )
*How are interactions regarding both emissions and costs included?
*What is the basis for mitigation calculation (IPCC, biophysical modelling, etc.),
and how do these deal with interactions regarding e.g. N flow, livestock dietary
\Options? y

_[ Marginal benefits ]

*To which year and region does the CE threshold used refer?

’_[ Market effects ]

* Are market effects considered and to what extent?

J Non-monetary barriers ]

*Are any non-monetary barriersincluded (e.g. via uptake rates or as utility
maximisation)?
\ 7

J Wider effects ]

«Are any wider effects included either quantitatively or qualitatively (e.g. through
the pre-selection of mitigation measures)?
\ 7

J Uncertainty ]

4 N
*Has a sensitivity analysis or an uncertainty assessmentbeen done?
*What are the assumptions the results are most sensitive to?
*What is the confidence interval of the results?

J

Figure 2 Guideline for MACC analysis attributes to be disclosed when reporting results

MACC s are useful for informing the policy process, but should be used with full awareness of their
relevance. Researchers providing MACC estimates are responsible for providing a clear indication of
the important aspects of the MACCs. Without these pointers there is an increased likelihood of
misinforming decision makers and designing inefficient policies. Figure 2 a guideline is suggested
about the reporting of the MACC methodology. Following this guideline could facilitate future users’
understanding of how the choice of methods affects the validity of the results. The questions
presented here are proposed to be addressed in a summary section of all future agricultural MACC
reports.
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Going forward it is important to keep in mind that CE and MACCs are able to explore and present
important aspects of potential pollution reduction activities, but these aspects have to be
complemented by other assessments. Furthermore, most importantly, MACCs have to be embedded in
a decision making process whereby all the important social, economic and environmental aspects are
explored by the stakeholders.
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