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Abstract 
Reducing enteric methane emissions from agriculture is considered imperative in the short term to 
stabilise global warming below 1.5 degrees. However, policymakers are faced with multiple and 
potentially conflicting goals in this pursuit, particularly with food security and conservation of 
biodiversity. The aim of this paper is to investigate whether there exists a policy response that can 
ensure the preservation of nature areas, specifically semi-natural pastures (naturbetesmarker), while 
simultaneously reducing enteric methane emissions from livestock cost-effectively. We perform the 
analysis with the spatial and dynamic, agent-based model AgriPoliS that is capable of simulating 
structural change in agriculture in response to radical policy reform, which we extended for methane 
abatement. Our simulations of the cost-effective solution for increasingly ambitious methane 
abatement targets, demonstrated that 25 % abatement could be reached with minimal impact on 
the area of pastures through re-structuring of livestock production and the use of a commercially 
available feed additive (3-NOP) that suppresses the generation of methane in the rumen. We 
conclude that technical measures to reduce emissions, such as feed additives, are a promising 
complementary measure for reducing emissions, but currently farmers have no economic incentive 
to invest in such low-cost abatement technologies. To avoid loss of nature areas dependent on 
ruminant grazing, targeted agri-environmental schemes were found to be necessary to preserve 
these areas in the event of climate action. In this respect agri-environmental payments play a crucial 
role in strengthening the resilience of agricultural biodiversity to policy measures targeting methane 
abatement.  
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1 Introduction 
The EU and Sweden are committed to climate action and conserving biodiversity. The agricultural 
sector is pivotal in both respects. Agriculture accounts for 13.2% of the EU's territorial emissions of 
greenhouse gases (GHG), with almost half of these emissions coming from enteric fermentation (feed 
digestion) by ruminants (Trinomics, 2013). The EU’s goal is to reduce GHG emissions from domestic 
transport (excluding aviation), buildings, agriculture, small industry and waste disposal by 40% by 
2030 compared to 2005 levels (REGULATION (EU) 2023/857). The Swedish target is even more 
ambitious, a 50 % reduction by 2030. There are, though, no specific reduction targets for agricultural 
GHG emissions. Nevertheless, the scientific consensus holds that reducing methane emissions from 
agriculture is necessary in the short-term to stabilise global warming below 1.5 (Lynch and Garnett, 
2021).  
 
Concurrently, the EU’s Habitats Directive has set ambitious goals for the preservation and restoration 
of nature areas for the conservation of biodiversity (European Commission, 1992). Ruminants are 
integral for conserving biodiversity in the EU through the perpetuation of High Nature Value (HNV) 
farming, which is conducted on around 25 % of the EU’s agricultural area. In these systems extensive 
grazing by ruminant livestock such as cattle and sheep is crucial for preserving biodiversity-rich 
permanent grasslands such as Sweden’s semi-natural pastures (Eriksson, 2021), Mountain 
Agriculture (MacDonald, et al., 2000) and Upland Farming (O’Rourke, et al., 2016). The positive 
impact on biodiversity is derived from the fact that traditionally managed grasslands, through 
extensive grazing, constitute vital habitats for a large number of species that beyond their intrinsic 
conservation value also provide important ecosystem services (Bengtsson, 2019, Habel, et al., 2013, 
Regeringen, 2022). Accordingly, a goal conflict emerges in that ruminant livestock contribute to both 
GHG emissions and the conservation of biodiversity. It is therefore feared that interventions to 
reduce methane emissions could adversely affect grazing of permanent grasslands that are 
important for preserving biodiversity. 
 
Currently, there is no targeted economic policy instrument in place within the EU to reduce 
agricultural GHG emissions, such as the EU Emissions Trading System (EU ETS) for other sectors. On 
the contrary, within the EU's Common Agricultural Policy (CAP), the Coupled Income Support (CIS)1 
totalling approximately €4.2 billion annually and most commonly designed as a payment for holding 
cattle (European Commission, 2022), increases cattle numbers and consequently GHG emissions 
(Jansson, et al., 2021). In Sweden, an argument for coupling this support to cattle is that cattle can 
have a positive effect on biodiversity through grazing of semi-natural pastures (Regeringen, 2022). If 
the CIS indeed contributes to the preservation of semi-natural pastures, it is feared that removing it 
to combat GHG emissions would result in the loss of biodiversity. Moreover, the introduction of an 
economic incentive to reduce agricultural GHG emissions, for instance a tax on methane emissions, 
would likely also reduce livestock numbers. The underlying concern in both respects is that policy 
interventions to mitigate methane emissions from ruminants, could have a negative effect on the 
continuation of HNV farming in the EU in general, and preservation of biodiversity-rich grasslands in 
particular. However, to the best of our knowledge, no study has analysed the potential effects of 
mitigating enteric methane emissions on the conservation of biodiversity associated with grassland 
habitats in Europe.  
 
Policymakers thus face a dilemma; to design a cost-effective policy instrument to reduce GHG 
emissions from agriculture, particularly enteric methane emissions, without substantial losses of 
valuable nature areas. The aim of this paper is to investigate whether there exists a policy response 
that can ensure the preservation of nature areas, specifically semi-natural pastures, while 
simultaneously reducing enteric methane emissions from livestock, cost effectively. That is, we ask 

 
1 Previously called Voluntary Coupled Support (VCS) in the 2015-22 CAP framework. 

http://www.high-nature-value-farming.eu/
http://www.high-nature-value-farming.eu/
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whether it is possible to achieve both climate and biodiversity goals simultaneously and determine 
which measures would constitute a cost-effective solution to methane abatement. Furthermore, 
given additional goals of agricultural policy, such as promoting food security and preserving 
agricultural landscapes, we also investigate the broader impacts on land use and livestock holdings 
for food. 
 
The study is carried out in a Swedish context; however, the general conclusions should be applicable 
in a wider context, since Sweden’s semi-natural pastures are a relevant example of HNV farming in 
the EU.  
 
Including agricultural GHG emissions in the EU ETS or introducing an environmental tax on these 
emissions have been proposed as potential policy responses to reduce agricultural GHG emissions 
(e.g., Verschuuren, 2022, Weishaupt, et al., 2020). Environmental taxes and their possible 
implementation have been analysed in numerous studies. According to economic theory, a tax on 
emissions at the source would ensure cost-effective methane abatement, as it incentivises producers 
to alter their practises or implement new technologies to reduce emissions in the least costly way 
possible and leads to higher consumer prices that reflect the full production cost including 
environmental costs. However, taxation of diffuse agricultural emissions implies measurement 
difficulties and potentially high transaction costs, counteracting the cost-effectiveness of the 
instrument. Therefore, other implementation strategies have been investigated such as, e.g., a 
consumption tax (Edjabou and Smed, 2013, Jansson and Säll, 2018, Säll and Gren, 2015, Springmann, 
et al., 2017, Wirsenius, et al., 2011), or a production tax based on average national GHG emissions 
per unit of commodity (Jansson, et al., 2023, Key and Tallard, 2012). Here, we focus on production-
orientated policy responses via the CAP, in particular simulating the cost-effective solution to abating 
enteric methane emissions and the associated impact on the area of semi-natural pastures. We also 
investigate the impacts of abolishing the CIS and levying a carbon-dioxide equivalent (CO2e) tax on 
enteric methane emissions. 
 
We base the analysis on simulation experiments with the AgriPoliS model (Agricultural Policy 
Simulator), which is a spatial and dynamic, agent-based model of regional structural change in 
agriculture that has been empirically calibrated to multiple regions in Sweden and the EU (Balmann, 
1997, Happe, et al., 2006). A potentially important methane-abatement measure is the restructuring 
of livestock holdings and potentially farms. Further, the costs of managing pastures have a high 
spatial dependency, since livestock need to be moved intermittently between pastures and stables, 
as well as requiring daily monitoring.  For these reasons, it is important that the analysis can consider 
structural change and spatial aspects, which is a feature of the AgriPoliS model. We use the model to 
simulate how changes in agricultural policy aimed at reducing GHG emissions cost-effectively, affect 
the composition of livestock and the adoption of technical measures to reduce emissions (a feed 
additive described below) in our study region, as well as the presence of semi-natural pastures and 
impacts on food production.  
 
As AgriPoliS is a regional model, a comprehensive analysis of impacts on a national or international 
level is not possible. Instead, we analyse impacts in a relevant Swedish agricultural region and let it 
exemplify how agricultural structure and nature areas (semi-natural pastures) in such regions are 
likely to be affected by policy to mitigate methane emissions. We focus on Jönköping County for its 
large number of cattle and area of semi-natural pastures (25 % of the agricultural area) that are 
crucial for conservation of biodiversity and the cultural landscape in Sweden (Nilsson, et al., 2013).  
 
Furthermore, we focus on abatement of enteric methane because there is a potentially strong trade-
off between reducing these emissions and preserving semi-natural pastures. On the other hand GHG 
emissions from manure management (including methane and nitrous oxide), depend heavily on 
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management systems, while CO2 emissions from land use changes or N2O emissions from fertilizers, 
are not directly linked to livestock numbers.  
 
We perform the analysis initially under the assumption that Sweden imposes climate policy 
unilaterally and hence with constant prices for livestock products such as milk and beef, and 
thereafter, using sensitivity analysis, evaluate the implications of EU-level policies that would have 
implications for product prices. Evaluations at the national level are, though, also relevant to study 
because climate goals for the agricultural sector are national and the implementation of the new CAP 
for 2023-28 has increased national flexibility for the implementation of environmental measures. For 
instance Denmark has decided to impose carbon pricing on their agricultural sector from 2027 
(Ekspertgruppen, 2024). We even evaluate the implications of having agri-environmental payments 
in place or not, for preserving biodiversity, when pursuing methane abatement.  
 
Next we determine whether any technical measures are currently feasible for abating enteric 
methane emissions based on a literature review we conducted in parallel with this study (Nylén and 
Brady, 2024).  
 

2 Technical measures for abating enteric methane emissions 
The climate impact of methane emissions in combination with rising demand for livestock products 
has led to an explosion in research to develop technical abatement measures (Nisbet, et al., 2020). 
These can be divided in to four subcategories of measures, those orientated towards: i) 
management, ii) nutrition, iii) breeding and iv) rumen manipulation (Beauchemin, et al., 2020, 
Temesgen, et al., 2021). The subcategories differ fundamentally in how they abate emissions: the 
first two primarily affect relative emissions, i.e., methane yield (g CH4/dry matter intake) or intensity 
(g CH4/product), while the last two reduce absolute emissions per animal (g CH4/animal) (Roques, et 
al., 2024). The distinction is essential because methane intensity can, for instance, be reduced by 
increasing animal productivity, which does not translate into less total emissions without reductions 
in herd sizes (Beauchemin, et al., 2020).  
 
Accordingly, technical measures resulting in absolute reductions are arguably more desirable from a 
climate perspective. Rumen-manipulation measures affect absolute emissions by impeding enzymes 
that are necessary for the methanogenic process (Roques, et al., 2024). However, some measures 
with a clearly estimated effectiveness, such as feed supplementation with macroalgae or nitrate have 
been observed to have negative effects on production or animal health, or both (Fouts, et al., 2022, 
Honan, et al., 2021, Roque, et al., 2019, Stefenoni, et al., 2021), which has prevented widespread 
commercial implementation (Fouts, et al., 2022). On the contrary, 3-nitrooxypropanol (3-NOP) 
supplementation has been approved as a safe substance with an established efficacy by the 
European Food Safety Association (Bampidis, et al., 2021). Hence, 3-NOP is the technical front-runner 
and the first commercially approved feed additive with environmental benefits in the EU as of 
February 2022 (Palangi and Lackner, 2022). However, there is a need for more knowledge about the 
long-term effects of feed additives and external factors affecting their efficacy (Hristov, 2024).   
 
On the other hand, distribution is a challenge when frequent dosing of livestock is necessary, which is 
the case for 3-NOP, nitrate, macroalgae and nutritional measures. Currently, they cannot be 
effectively distributed in grazing systems (Smith, et al., 2022), but orally installed, slow-release 
technologies are under development to make it feasible to dose livestock while on pasture (Roques, 
et al., 2024).  
 
Breeding strategies and vaccination are also promising solutions with potential for absolute emission 
reductions for grazing cattle (Beauchemin, et al., 2020). This is because breeding mitigates methane 
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emissions with a permanent and cumulative effect by actively breeding for animals with naturally 
lower emission rates (de Haas, et al., 2021), while vaccination subdues microorganisms necessary for 
methanogenesis. The latter is categorised as rumen manipulation and would ideally only require rare 
supplementation. Both breeding and vaccination are under development, but more research is 
needed to establish potential side effects and effectiveness (Roques, et al., 2024).  
 
We conclude from the literature that there are currently limited technical measures available to 
reduce enteric methane emissions without negatively affecting production or endangering animal 
health. However, 3-NOP has proven to be effective and approved as safe for use, hence we model it 
as a potential abatement measure in this study. On a final note, adopting technical measures will be 
costly for farmers, and hence will not be extensively adopted without appropriate economic 
incentives, which implies a need for policy interventions (Roques, et al., 2024). 
 

3 Methodology 
 

3.1 Theory: Cost-effective abatement of enteric methane emissions 
The cost-effective solution for achieving an environmental goal defines the changes to production or 
adoption of technical abatement measures that guarantee the lowest possible cost to society for 
achieving a particular goal, in this case a particular level of methane abatement within the studied 
agricultural region. According to economic theory the cost-effective solution is defined by the 
equalization of marginal abatement costs across all farms and potential abatement measures 
available to the farms (e.g., reducing livestock numbers or dosing livestock with a methane inhibiting 
feed additive). This problem is solved in our model (AgriPoliS) using mathematical programming (i.e., 
an optimization algorithm) that finds the minimum loss in total farm profits to achieve a particular 
level of abatement for the region and time frame given the available abatement measures.  
 

3.2 The Study Region 
Jönköping County in Sweden is typical of agriculture conducted in marginal areas in the south of 
Sweden (and other HNV farming regions in the EU), where 75 % of the country’s total area of around 
450 thousand ha of semi-natural pastures exist (SCB, 2020, Tabell 3.1). The area of semi-natural 
pastures has declined from around 3 million ha in Sweden over the past century due to the 
intensification of agriculture (Eriksson, 2021), but remains a rich source of biodiversity and other 
cultural values (Lennartsson and Westin, 2019). Topographic characteristics and the distance to farm 
centres explain most of the ongoing loss of semi-natural pastures (Aune, et al., 2018). In general, 
relatively small and isolated pastures are most likely to be abandoned (afforested), because these are 
more costly to manage than a large pasture lying close to livestock stables (Larsson, et al., 2020).  
 
Due to climate and topographic conditions crop yields are low, while conditions are relatively 
favourable for grasses (Table 1). Consequently, farming in the region is focused on raising ruminant 
livestock, principally cattle and sheep for milk and meat production. Roughly 25% of the agricultural 
area is semi-natural pasture and 80% of the arable area is used for grass fodder production. Arable 
pastures are however relatively low in biodiversity compared to semi-natural pastures, because 
these are typically fertilized, ploughed and frequently broken with a grain crop to boost yields; for 
this reason, arable pastures are not eligible for agri-environmental payments that target semi-natural 
pastures. Agricultural land is otherwise interspersed among forest, which dominates the overall 
landscape, accounting for almost 80 % of land use. The wide dispersal of agricultural land implies that 
the potential to rationalize production through amalgamation of farms and fields is relatively low.  
Most farms in the region are joint agricultural and silvicultural enterprises (Table 1), with forestry 
providing diversification of income, which we consider in the modelling. The main threat to 
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agricultural land and hence biodiversity in the region is that it will be converted to forest if it is not 
sufficiently profitable to maintain as agricultural land. Due to the marginal conditions for agriculture 
in the region it is highly dependent on support provided by the CAP (Brady, et al., 2024).  
 
Table 1. Agricultural characteristics of Jönköping County 

  
Unit 

 
Area/Head 

 
Product 

Normal 
Yield# 

kg unit-1 yr-1 

Arable land  ha 87,546   

 - grains ha 17,934 Spring barley 3,800 

- grasses ha 65,591 Grass silage 5,340 

- set-aside  ha 2,016 Green fallow nil 

Semi-natural pasture ha 40,526 Grass forage 1,500 

Forest area on farms ha 199,298   

Dairy cows head 28,926 Milk 8,424  

Suckler cows for beef head 16,110 Beef from suckler 
calf 

350 

Other cattle (> 1 year) head 43,037 Beef from dairy calf 300 

Sheep (ewes for lamb) head 13,487 Lamb 35 
Notes: Grass yields are weight dm, milk is raw milk, beef slaughter weight and sheep two lambs slaughter weight for each ewe. 

Source: (SCB, 2017) 

 

3.3 AgriPoliS Model 
The AgriPoliS model is based on a population of individual farms representative of the typical farms 
and regional structure of agriculture in the study region. It is primarily used to evaluate the effects of 
changes in agricultural policy on agricultural structure, production and farm incomes, but has been 
extended over time to evaluate concomitant effects on the landscape, biodiversity, and the provision 
of ecosystem services (Brady, et al., 2009, Hristov, et al., 2020, Sahrbacher, et al., 2017). The 
conceptual design of AgriPoliS and its mathematical structure is documented in Kellermann, et al. 
(2008). We, therefore, only describe here how the model is modified in order to model livestock 
methane emissions, cost-effective abatement of enteric methane emissions and the chosen policy 
scenarios.  
 

3.4 Data on enteric methane emissions and grass forage needs 
Annualised enteric methane emission rates for cattle are modelled in AgriPoliS based on the method 
used by the Swedish EPA (2023) for their GHG emission reporting, which in turn is developed in 
Bertilsson (2016). As for emissions from sheep production (ewes for lamb) there is no specifically 
Swedish data available. Instead, these emission rates are based on IPCC methodology (Gavrilova, et 
al., 2019, Table 10.10) after transforming the rates to account for the heavier normal live weight of a 
Swedish ewe.  
 
Data on feed rations, animal weights and, meat and milk production needed to calculate methane 
emissions by animal type (see Appendix A for details of our calculations) were obtained from 
AgriWise (2020), which is a farm planning tool developed and maintained by the Swedish Board of 
Agriculture and Swedish University of Agricultural Sciences for supporting farm management in 
Sweden. All methane emissions are subsequently expressed as carbon dioxide equivalents (CO2e) 
and Global Warming Potential over 100 years (GWP100), by multiplying kg methane emitted by the 
conversion factor of 28 (Masson-Delmotte, et al., 2021, Table 7.15).  
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Table 2 summarizes the key input data for calculating enteric methane emissions and grass forage 
needs that could potentially be satisfied from semi-natural pasture, for modelled types of Swedish 
ruminant livestock. Note that the assumed forage need for a dairy cow is nil, because dairy cows 
normally utilize only arable pasture in Swedish systems due to the logistics of high intensity milk 
production. Most of the other livestock can utilize pastures for their forage needs, but not 
necessarily, because forage needs can be fully satisfied from arable grass pastures, as is often the 
case (Larsson, et al., 2020).  
 
To provide an indication of the relative environmental effectiveness of each type of livestock for 
grazing pastures relative to their methane emissions, we include the column Forage/Methane in 
Table 2. From this simple calculation it can be seen that Sheep are relatively effective in this sense for 
maintaining pastures, consuming 1.25 kg grass per kg emitted methane (in CO2e), while a 
Replacement heifer for a Dairy cow only consumes 0.64 kg grass and a dairy cow doesn’t make a 
contribution according to our assumptions based on the current production system in Sweden. This 
simple calculation demonstrates that there exist substantial substitution possibilities between 
livestock categories for optimizing the preserved area of semi-natural pastures and attendant 
methane emissions. Furthermore, the opportunity costs of running different livestock on pastures 
can vary among livestock types, which is considered implicitly in the modelling and hence difficult to 
represent as a single number in a table. This potential is further demonstrated by the implied GHG 
tax based on the methane emissions and priced to match the average EU-ETS permit price of 80 € per 
tonne CO2e in 2022 (Swedish EPA, 2023) and converted to SEK using an exchange rate of 12 
SEK/EURO, resulting in a tax rate of 0.96 SEK per kg CO2e. In this respect, a dairy cow would attract 
the highest tax and sheep the lowest. 
 
Table 2. Input data used for modelling livestock methane gas emissions and grass forage needs per animal type based on 
average annual emissions and forage needs over the animal’s life. 

Notes: 1) For production of beef cattle, 2) For replacement of dairy and suckler cows at end of their life, 3) Includes heifers from 

both dairy and suckler cows not needed for recruitment and hence are slaughtered for beef. 4) Calculated based on the SEK 

equivalent tax rate of 0.96 SEK per kg CO2e, e.g., for dairy cow 3943 x 0.96 = 3785 SEK/head/year. 

 
Our approach implies that all livestock of a particular type emit methane to the same extent, i.e., 
genetic variation in individuals is not considered. However, it is possible for farmers to reduce 

 Enteric 

Methane  

Grass 

forage 

need 

 

 

Forage/Methane 

 

 

CO2e Tax4 

 

3-NOP Feed 

additive 

Livestock category 
kg 

CO2e/yr 
kg/head/yr kg grass/kg CO2e SEK/head/year 

Max. Reduction 

kg CO2e/yr (%) 

Cows for milk and breeding      

Dairy cow 3943 0 0 3785 -1227 (31) 

Suckler cow1 2467 2297 0.93 2368 -435 (18) 

Recruitment heifers2      

for Dairy cow 1223 787 0.64 1174 -216 (18) 

for Suckler cow 960 1200 1.25 922 -169 (18) 

Beef cattle      

Bullock, dairy breed 1111 1080 0.97 1066 -189 (17) 

Young bull, dairy breed 989 773 0.78 950 -297 (30) 

Young bull, beef breed 802 0 0 770 -241 (30) 

Heifer, for slaughter3 960 1100 1.15 922 -169 (18) 

Sheep      

Ewe, lamb production 441 550 1.25 423 -75 (17) 
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emissions per livestock type using a commercially available technological measure, in the form of the 
feed additive Nitrooxypropanol (3-NOP), as identified in our earlier literature review. The assumed 
maximum annual reduction in emissions per animal type that is achievable through this measure are 
given in the column 3-NOP Feed Additive. The maximum reduction rate of 30 % is achievable for 
livestock that are continually fed mineral supplements, such as dairy cows. Currently there is 
however no technology available to regularly dose 3-NOP, i.e., at least every three hours, when 
livestock are on pasture, hence the assumed maximum reduction rate is adjusted for the standard 
pasture period for the different livestock types. The cost of dosing 3-NOP is assumed to be 1000 SEK 
per animal per year according to consultation with a sales representative for the commercially 
available 3-NOP additive, Bovaer (Ohlsson, 2024). This cost was quoted to us as a maximum price and 
could be reduced in practice depending on the volume of purchases. However, with the view of 
adopting a conservative approach to our modelling of the effects of this feed additive, we use this 
cost and scientifically verified reduction rates in our modelling. Higher reduction rates could be 
achieved through higher dosage rates, but this would risk negative side effects on animal health and 
productivity according to the company manufacturing Bovaer. Consequently, the assumed reduction 
rates are also within approved dosage rates for animal welfare.  
 
Although approval has not yet been sought for giving 3-NOP to sheep, it has in practice the same 
abatement potential as for cattle. Hence in the interest of not unnecessarily distorting the emissions 
abatement potential among different livestock types, we also assume that 3-NOP can be given to 
sheep. Overall, the inclusion of the 3-NOP feed additive as a potential methane abatement measure, 
has a broader importance in this study, as it will illustrate the potential implications of technical 
measures for the costs of methane abatement and the area of pastures, since  other novel 
technologies such as CH4 inhibitors, vaccines, low-emissions breeding and the use of certain types of 
seaweed as feed additives could be available in the future (Reisinger, et al., 2021).  
 
We assume standard feed requirements for each animal type (i.e., mix of silage, pasture and 
grain/protein fodder), since Swedish livestock production is highly developed and rationalised. 
Dietary changes are, off course, possible in reality. However, this is problematic to account for in the 
computations of emissions. In addition, dietary differences between animal types can, to a large 
extent, be explained by biological characteristics of the different animal types and conditions given 
by the production systems. In genera,l we assume that livestock feeding is efficiently managed in 
Sweden, i.e., there is relatively little wastage that could potentially be improved upon. 
 
Nonetheless, we do allow for the possibility for farmers to switch between intensive and extensive 
beef production (i.e., lesser or greater utilization of pasture), as well as switching from intensive to 
more extensive forms of livestock production, e.g., from milk production to suckler-cow beef 
production). In regard to milk production, we assume that production is to a certain extent limited by 
national demand from local dairies, hence we assume it cannot exceed the highest historical levels by 
more than 10%, in which case the price of milk is reduced in the model until market balance is 
restored. Furthermore, forage requirements in the model can be satisfied from either using semi-
natural pastures or improved arable pastures. Similarly, grain fodder (barley/oats) can be purchased 
or produced on the farm. Consequently, the model offers farm-agents substantial opportunities to 
substitute between livestock and fodder sources, hence abating methane emissions while 
simultaneously preserving semi-natural pastures as indicated by Table 2.  
 

3.5 Modelling cost-effective enteric methane abatement 
Farm-agents can reduce methane emissions through changing agricultural structure, in particular the 
type and number of livestock, or dosing ruminant livestock with a 3-NOP feed additive. Rather than 
simply having the option to reduce livestock numbers and thereby emissions, farm agents have the 
possibility to change production orientation through investment in alternative livestock stables, as 
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well as grow their farm through renting more land. This ability increases the flexibility available to 
farmers for achieving abatement goals in the region and reducing abatement costs compared to a 
static analysis. 
 
The complex structure of the model does not allow us to simply impose an abatement target at the 
regional level to determine the cost-effective solution. Imposing targets at the farm level while 
possible, would however not guarantee the cost effective-solution for the region, since with such a 
solution the marginal costs of abatement will likely vary among farm-agents. However, a standard 
result from economic theory is that any abatement target can be achieved cost-effectively by levying 
a sufficiently high tax on emissions (i.e., equal to the marginal cost or shadow price associated with a 
particular abatement goal). In other words, a tax on emissions will generate cost-effective reductions 
in emissions given the tax rate and an increasing tax rate will result in higher abatement. 
Consequently, we implement an incrementally increasing methane tax to derive the cost-effective 
solution for increasing abatement levels. 
 
This is achieved by levying a tax per kg CO2e methane emissions by animal type, thus ensuring that 
the abatement cost is minimized within and among all farms in the region, as each farm has an 
incentive to reduce their emissions while their abatement cost is lower than the tax rate. The Total 
Abatement Cost (TAC) curve for abating methane emissions is derived by incrementally increasing 
the methane tax rate beginning at 0.2 SEK per kg CO2e to a maximum rate of 1 SEK per kg CO2e 
(SEK/EURO ~ 12). This is considered the maximum rate interesting to study, because it is roughly the 
level of the Swedish Carbon tax levied on fossil fuels. It's important to recall that the tax relates solely 
to methane emissions from enteric fermentation as motivated by the scope of this study.  
 
The cost of the tax for farmers is reflected in farm profits. However, to correctly calculate abatement 
costs for society, we treat the implied tax expense of farm-agents as a transfer and hence eliminate it 
from the cost of methane abatement in accordance with proper Welfare Economic practice. 
 
In the next section we describe the policy scenarios that are simulated to achieve the broader aims of 
this study, noting that the TAX scenario is equivalent to the cost-effective solution for a particular 
level of abatement. 
 

3.6 Evaluated policy scenarios  
In order to examine how a policy instrument aimed at reducing enteric methane emissions impacts 
the preservation of pastures, we conduct simulations for five alternative policy scenarios to the 
prevailing framework (Table 3). Initially, we model these policy changes assuming that product prices 
in the study region remain unaffected by the policy shift, since Sweden is a small agricultural country 
and thus will not affect world market prices in any significant way. However, this assumption may not 
hold true if the policy changes extend to the entire EU or if markets are geographically segmented, 
e.g., due to strong preferences for Swedish meat from consumers in Sweden implying that higher 
production costs in Sweden would increase prices in Sweden even with unchanged world market 
prices. To address the potential influence of market price shifts on our findings, we conduct 
thereafter a sensitivity analysis, evaluating the implications of adjustments in market prices. 
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Table 3. Evaluated policy scenarios to assess the impacts of alternative methane abatement instruments on methane 
emissions and the area of semi-natural pastures compared to the Reference scenario in 2028 

ID Scenario 
name 

Description 

SC0 REF Continuation of the 2015-22 CAP framework.  

SC1 CIS Remove Coupled Income Support (CIS) for cattle. 

SC2 TAX Levy tax on enteric methane emissions at 80 EUR per ton CO2e. 

SC3 CIS+TAX Implement scenarios SC1 and SC2 simultaneously. 

SC4 AECM Implement SC3 in the absence of Agri-Environmental-Climate-
Measure payments to semi-natural pastures (AECM).  

SC5 AECM+BIS Implement SC3 in the absence of both AECM and Basic Income 
Support (BIS) to pastures. 

Notes: All scenarios are simulated over the period 2016 to 2028, where policy changes (SC1-5) are implemented in 2023 and 

results compared to the Reference scenario (SC0) in 2028. 

3.6.1 Reference scenario 
The Reference scenario is used to simulate the development of agriculture, methane emissions and 
the area of pastures in the region given the continuation of the 2015-22 policy framework and 
validate the simulated development with observed trends. The AgriPoliS model is calibrated and 
validated within the context of the CAP framework spanning from 2015 to 2021, aligning with the 
available agricultural data for that period. The model demonstrates an ability to replicate observed 
trends in the structural evolution of the region during this timeframe. Subsequently, the model 
simulates structural changes in the region into the future, from 2022 to 2028, assuming a 
continuation of the 2015-22 policy framework. This period is considered adequate for capturing 
major structural adjustments of the simulated policy scenarios. Although a new CAP reform was 
implemented in 2023, we anticipate minimal impact on the outcomes of this study, given that the CIS 
remains a crucial and unaltered component of the new CAP. 
 

3.6.2 Tax on enteric methane emissions 
The TAX scenario involves levying an environmental tax on estimated enteric methane emissions 
from specific livestock and will ensure a cost-effective reduction in emissions given the modelled 
abatement measures (we return to the issue of dynamic efficiency, i.e., incentive to develop new 
abatement technologies, in the Discussion). We set the tax at 0.96 SEK per kg CO2e, aligning with the 
average price of emission allowances in the EU ETS in 2022 (Swedish EPA, 2023).  
 
Such an instrument would though signify a major shift in the CAP's trajectory, by embracing the 
Polluter Pays Principle for environmentally detrimental emissions. In the present context of political 
ambitions to raise domestic food production and protect farmers’ incomes (Boezeman, et al., 2023), 
a tax might appear to be an infeasible and hence uninteresting instrument to study. However, our 
implemented tax aligns with the prevailing price of emission allowances in the EU ETS, suggesting 
that policymakers could feasibly consider a similar policy intervention for the agricultural sector, 
given the intensifying impacts of climate change. Furthermore, Denmark has concrete plans to 
impose just such a tax on their agricultural sector by 2027 (Ekspertgruppen, 2024). Nevertheless, the 
focus here is not primarily on the feasibility of taxing agricultural emissions, but rather on the 
simulated tax's potential for generating cost-effective methane emissions abatement. This scenario 
therefore forms a crucial foundation for policy discussions, providing insights into possible strategies. 
 
The tax is imposed on estimated annual methane gas emissions converted into carbon dioxide 
equivalents (CO2e) according to the livestock types reported in Table 2. This implementation means 
that farmers can mitigate their tax liability by either reducing animal numbers or altering livestock 
composition to types that produce lower enteric methane emissions. Furthermore, they will be 
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provided with an incentive to dose their livestock with the modelled 3-NOP feed additive that 
suppresses methane production in the rumen. A similar approach is adopted by Key and Tallard 
(2012) in their analysis of a tax based on national methane emissions per unit of commodity output. 
They argue that policies targeting agricultural methane emissions specifically (as opposed to 
agricultural GHG emissions generally) are more feasible due to the relative ease of quantifying these 
emissions compared to others. 
 

3.6.3 Abolition of CIS scenario 
In the CIS scenario, the coupled support to cattle is eliminated, which is the only CIS in Sweden. 
Although this policy scenario doesn't directly target methane emissions reduction, it has been found 
that the CIS results in a higher cattle population, and hence increased GHG. Furthermore, as a first 
step towards reducing GHG emissions the OECD recommends removing inefficient subsidies that 
exacerbate emissions. Conversely, proponents argue that the CIS plays a crucial role in preserving 
semi-natural pastures, suggesting that its elimination might jeopardize biodiversity conservation. 
Eliminating the CIS could potentially represent a relatively straightforward measure achievable within 
the current CAP structure, requiring minimal policy design groundwork. Hence, the CIS scenario is 
highly relevant for the objectives of our research, particularly how policymakers should design policy 
instruments when considering potentially conflicting goals. 
 

3.6.4 Combine TAX on methane emissions and abolition of CIS scenarios  
Our third policy scenario combines the previous two, by simultaneously abolishing the CIS and 
implementing the methane tax. This scenario has additional value because it will highlight the 
potential for interactions between the two policy instruments, particularly whether the combined 
effect is larger than the sum of the individual effects in terms of emissions and area of pastures. 
 

3.6.5 Absence of policy payments to semi-natural pastures  
The area of semi-natural pastures in Sweden has remained relatively stable over recent decades, 
thereby breaking the dramatic historical decline described above. This success is largely attributable 
to the introduction of agri-environmental payments for grazing of these pastures in the early 1990s 
(now referred to as Agri-Environmental Climate Measures or AECM) and the eligibility of these 
pastures since 2005 for decoupled area payments, now called Basic Income Support for Sustainability 
(BISS)2. Both payments are interesting to study because they require a minimum grazing pressure 
(measured in sward length) for their collection. The question we answer in this scenario is to what 
extent do the AECM and BIS payments protect the area of semi-natural pastures from the potential 
negative impacts of a methane-abatement policy instrument? To do this we first simulate the 
TAX+CIS scenario in the absence of the AECM payment and then in the absence of both the AECM 
and BIS payments. Consequently, this analysis should provide an indication of the resilience value of 
the BIS and AECM payments for preserving semi-natural grasslands in the face of policy (or similar) 
shocks. 
 

3.7 Sensitivity analysis 
As AgriPoliS is a regional model, it does not model endogenously the potential market effects of 
policy changes on product prices. In reality, policy changes would most likely affect product prices, 
particularly if implemented at the EU level, but potentially also if the demand for “Swedish 
produced” products is sufficiently strong to cause price changes in geographically segmented 
markets.  In either case the resultant increase in production costs of a tax could feed through to 
higher prices, and hence, dampen the impacts of the simulated policy scenarios. For example, large 
reductions in beef cattle numbers in the EU would reduce the global supply of beef and hence put 
upward pressure on beef prices within the EU. Such price increases could furthermore cause 

 
2 Previously named the Basic Payment Scheme (BPS) in the 2015-22 CAP. 
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substitution effects in consumption (e.g., consumers switching more to pork or chicken that are not 
affected by a tax on enteric methane), thereby magnifying the impact of the tax on reducing 
emissions but is not considered here.  
 
To examine how price changes influence our results, we perform a sensitivity analysis whereby 
exogenously derived changes in market prices for meat and milk are imposed on the relevant 
methane policy scenarios. The modelled market price changes are based on assumptions derived 
from the literature. In the case of the CIS scenario, Jansson, et al. (2021) use the CAPRI model to 
analyse effects of abolishing the CIS for ruminants, and find it would lead to a 2.4% increase in the 
producer price of beef in the EU. However, in their scenario, the funds freed from removing the CIS 
are transferred to the BISS, which would mitigate the reduction in beef output and hence potential 
price increase. In our CIS scenario the freed funds are not returned to farmers, implying the price 
effects of our CIS scenario will be stronger. We also know that prices could not increase beyond the 
rate that would perfectly neutralize the revenue effect of eliminating the CIS, which corresponds to a 
price increase of 5.4% for beef and 4.8% for milk. Therefore, we test a potential price increase of 
2.7% for meat and 2.4 % for milk in the CIS scenario, which are equivalent to 50% of the maximum 
possible price increases.  
 
For the TAX scenario implemented at the EU level, the potential price effects will depend on to what 
extent producers can pass on their increase in costs due to the tax to consumers, the so-called tax 
incidence. This, in turn, depends on a number of factors, but essentially, consumers’ elasticity of 
demand for beef and milk, and farmers’ elasticity of supply for these products. Jansson, et al. (2023) 
find a tax incidence of 0.5 for beef producers when a similar tax is implemented in the EU (this tax is, 
however, applied to all agricultural goods and to all emissions of methane and nitrous oxide), 
indicating that the cost of the tax is more or less evenly distributed among producers and consumers. 
The implied tax effects on producers of our TAX scenario are 12.2 % for beef and 16.3 % for milk 
according to our modelling. Assuming a tax incidence of 0.5, implementation of the methane tax in 
our TAX scenario would imply a concomitant producer price increase of 6.1 % for beef and 8.1 % for 
milk. 
 
For the CIS+TAX scenario we assume a concomitant price increase of 8.8 % for beef and 10.5 % for 
milk by applying the tax incidence of 0.5 to the implied tax effects of 17.6 % for beef and 21 % for 
milk. The reasonableness of this assumption is debatable, but the purpose of the sensitivity analysis 
is to gauge the potential significance of price effects on our results for the main scenarios, and not to 
predict these price effects per se.  
 
To implement the assumed price changes, summarized in Table 4, we phase them in over the same 

time period as we phase in the different policy scenarios. The formula applied is 1Tr P=  − , where 
r is the rate of change over the time period T in years and ∆P is the desired total price change over T 
years. 
 
Table 4. Summary of assumed product price increases for sensitivity analysis of methane policy scenarios 

 
ID 

Scenario name Beef Price 
(% increase) 

Milk Price 
(% increase) 

SA1 CISp 2.7 2.4 

SA2 TAXp 6.1 8.1 

SA3 (CIS+TAX)p 8.8 10.5 

 
Finally, we do not consider price effects in the absence of AECM and BIS payments to semi-natural 
pastures, because these scenarios are designed to evaluate the significance of these payments for 
preserving pastures on the introduction of methane policy. Overall, it is important to keep in mind 
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that these price-effect assumptions are adequate for our purposes: to test the sensitivity of our 
results to potential changes in prices, rather than the realism of the assumed price changes per se.  
 

4 Results 
 
We begin by presenting results for the cost-effectiveness analysis followed by the described policy 
scenarios and sensitivity analysis. 
  

4.1 Impacts of Cost-effective Methane Abatement 
 

4.1.1 Costs of methane abatement and area of semi-natural pastures 
A tax on methane emissions results in cost-effective methane abatement, and measures to reduce 
methane emissions are taken as long as their marginal cost is lower or equal to the tax. That is the 
marginal abatement cost is equal to the tax rate in the cost-effective solution. To derive the cost-
effective solution, we run a set of simulations where we vary the tax rate without altering other 
policies within the reference scenario. Both the marginal cost of methane abatement and impact in 
terms of diminished area of semi-natural pastures are initially steeply increasing in the level of 
abatement (Figure 1). However, a substantial increase in abatement is achieved from 10 to 45 
kilotonnes CO2e at relatively small additional cost, because it becomes profitable for farmers to 
purchase the 3-NOP feed additive instead of paying the tax. The substantial jump in abatement is 
explained by the assumed pricing of dosing 3-NOP at 1000 SEK per animal, rather than per unit 3-
NOP. The black curve (points marked with X) shows the impact on marginal cost and abatement if 
the 3-NOP additive is excluded from the analysis, thus demonstrating the potential of technical 
measures to increase the effectiveness and reduce the costs of enteric methane abatement. 
 
The impact of methane abatement on the area of pastures is on the other hand relatively small, only 
losses of a few hundred ha compared to the total area of 40526 ha in the county. This demonstrates 
that the abatement of enteric methane emissions is not a substantial threat to the conservation of 
biodiversity, which is thanks to the ability of farm-agents to optimize their livestock holdings and 
purchase the 3-NOP additive to achieve an almost 25 % reduction in emissions for a less than 1.5 % 
loss in pastures. Interestingly, the availability of 3-NOP does not adversely affect the area of pastures, 
rather substantially more abatement is achieved for an equivalent loss in area.  
 
To understand these results better we next delve into the effects of cost-effective abatement on 
farm structure, land use and livestock holdings. 
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Figure 1. Marginal costs of abating enteric methane emissions (a) and area of abandoned semi-natural pastures (b) for 
increasing levels of abatement. 

 

4.1.2 Impacts on farm structure and incomes 
Increasingly ambitious abatement of methane emissions, as indicated by increasing MAC, was found 
to have a consistent impact on farm structure, with the number of farms in the region declining and 
the average farm size increasing compared to the reference scenario in response to increasing 
abatement (Figure 2). In this sense cost-effective methane abatement calls for accelerated structural 
change with less efficient producers leaving the sector at a faster rate. This allows other farms to 
grow and invest in larger stables, thereby lowering their production costs and allowing them to 
continue farming despite the higher costs attributable to methane abatement.  
 
 

 
Figure 2. Effects of cost-effective methane abatement on agricultural structure in terms of i) Marginal Abatement Cost 
(MAC), ii) number of farms and iii) average farm size in the study region. 

 
A further explanation for the minimal effects of methane abatement on the area of pastures (and 
arable land not being abandoned at all) is that the costs of methane abatement for farmers are 



15 
 

countered, to some extent, by reductions in the rental prices of arable land and pastures (Figure 3), 
the reasons for which we evaluate in the sensitivity analysis to the policy scenarios below. 
 
 

 
Figure 3. Impact of cost-effective abatement on land rental prices. 

 
 

4.1.3 Impacts on land use and livestock holdings 
It is the flexibility of land use and livestock holdings in response to increasing methane abatement 
(Figure 4) that allowed farm-agents to abate methane emissions while preserving nearly the entire 
area of pastures. Primarily suckler cows, beef cattle and sheep numbers are reduced to abate 
methane emissions, but these reductions have negligible impacts on the area of pastures. That is 
other land uses are changed instead; primarily the areas of arable-grass pasture and silage are 
reduced to compensate for the reduced demand for livestock fodder, and the associated arable land 
is converted to set-aside. However, as the abatement goal is increased, even some area of pastures 
and field crops are lost. Further, even the otherwise stable dairy-cow herd (the most profitable 
production activity) is reduced in the extreme case (MAC = 1.0). However, the large jump in 
abatement is principally achieved by purchasing the 3-NOP feed additive for all dairy cows, which 
becomes a cost-effective measure when MAC reaches 1.0 SEK/kg CO2e, but only for dairy cows.  
 
Overall, the potential negative impact of the reduction in cattle and sheep on the area of pastures is, 
mitigated to a large extent, by farmers choosing to reduce arable fodder production instead and 
purchase the NOP-3 feed additive when MAC exceeds 0.8 SEK/kg CO2e.  As we show next, the choice 
to continue preserving pastures is owing to the existing agri-environmental payments to pastures.  
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Figure 4. Impacts of cost-effective methane abatement on agricultural land use (a) and livestock numbers (b) in the study 
region. 

 

4.2 Impacts of climate policy scenarios 
We begin the policy analysis by overviewing the impacts of the different policy scenarios (Table 3, 
SC1–5) and sensitivity analyses (Table 4, SA1–3) on methane emissions and area of semi-natural 
pastures (Table 5). We include results of the subsequent sensitivity analysis in Table 5 to aid 
comparisons later in the text. To begin with, note that methane emissions in the region decline over 
the simulation period (2016–27) by ~2,800 tonnes according to the Reference scenario, i.e., if we 
continue with the current policy framework emissions decline over time due to declining agricultural 
production. The area of pastures on the other hand remains roughly the same. Each of the targeted 
methane abatement policy scenarios (SC1–3) reduced emissions compared to the reference scenario, 
and with relatively small negative impacts on the area of pastures. Thus, the relative reduction in 
methane emissions were much higher than the relative loss of pastures. To understand this result we 
turn to the two scenarios considering the impacts of agri-environmental payments on semi-natural 
pastures. 
 
According to scenario SC4, the AECM payment has a substantial impact on maintaining the area of 
pastures in the methane policy scenarios (SC1–3). In the absence of the AECM the area of pastures 
would decline dramatically with the removal of the CIS and implementation of a methane tax (Table 
5, SC4). Furthermore, the reduction in pasture would be even more dramatic if the BIS also did not 
exist (SC5). These results vindicate, to some extent, the concern of policymakers that reducing 
ruminants would be negative for biodiversity. However, in the presence of payments for the 
preservation of pastures, i.e., the AECM and BISS, farmers are provided with a strong incentive to 
optimize their livestock herds for methane abatement and preservation of pastures. That is to say, 
the presence of these payments strengthens the resilience of pastures to policy (or similar) shocks 
that impact the profitability of livestock farming. The technical explanation for this resilience is 
attributable to the partial capitalization of payments in rental prices, i.e., positive rental prices 
(Figure 3). In the presence of the AECM and BISS, the methane tax results in a comparatively large 
reduction in rental prices for pastures rather than the area of pastures per se in the methane 
scenarios (SC1–3). 
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Table 5. Impacts of policy scenarios on methane emissions and area of semi-natural pastures and percentage changes 
compared to the reference scenario in 2027. 

 
 

 
Methane Emissions S-N Pasture Area 

Scenario 
No. 

 
Policy Scenario Description 

 
ID 

 
% Change on Ref in 2027 

[t CO2e] 

% Change on Ref 
in 2027 

[ha] 

SC0 Reference scenario REF [39,013] [39,028] 

SC1 Eliminate CIS CIS -3 % 0 % 

SC2 Tax on enteric CH4 emissions TAX -23 % -1 % 

SC3 Combine SC1+SC2 CIS+TAX -26 % -2 % 

SC4 Combine SC3 with absence of 
AECM payment 

CIS+TAX-AECM -37 % -23 % 

SC5 Combine SC3 with absence of 
both AECM and BIS 

CIS+TAX-AECM-BIS -62 % -77 % 

Sensitivity Analysis    

SA1 Product price increase for SC1# CISp -3 % 0 % 

SA2 Product price increase for SC2 TAXp -22 % -1 % 

SA3 Product price increase for SC3 CISp+TAXp -23 % -1 % 

Notes: # Price changes according to Table 4. 
 

4.2.1 Sensitivity analysis of potential increases in product prices 
The sensitivity analysis indicates that potential price increases resulting from, e.g., implementation of 
methane abatement policy at the EU level, would all but eliminate the potential negative impacts of 
methane policy on the area of pastures (SA1–3). Interestingly, the price increases only cause minor 
increases in methane emissions in the TAXp and CISp+TAXp, because the tax maintains the incentive 
for farmers to purchase the 3-NOP feed additive, thereby achieving considerable emissions 
abatement without losing semi-natural pastures.  
 

4.2.2 Impacts on farm structure and incomes 
We overview the structural impacts on farm incomes, number of farms and average farm size in 
Figure 5. Important results regarding farm structure are that potential product price increases, would 
greatly ameliorate the potential loss of farms and reduction in farm incomes in the region (indicated 
by arrows). Furthermore, the AECM and BIS payments have a substantial impact on preserving farms 
as well as the area of pastures. Thereby indicating that a synergy exists between these two variables, 
because the cost of preserving pastures are lowered if livestock stables and hence livestock are more 
evenly distributed in the landscape. In contrast, declining numbers of farms and concentration of 
livestock holdings implies increasing distance costs for managing pastures (i.e., transport of livestock 
between pastures and stables, as well as monitoring of livestock), because these area-based 
payments incentivise extensive farming (i.e., using more land relative to other inputs) and with that a 
greater spatial spread of farms. 
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Figure 5. Effects of methane abatement policy instruments and payments to semi-natural pastures on agricultural structure 
in terms of i) average farm profit, ii) number of farms and iii) average farm size in the study region. Arrows indicate the 
direction of effect of the assumed price increases in the sensitivity analysis for relevant methane policy scenarios. 

 

4.2.3 Impacts on land use 
Finally, we evaluate the impacts of the different scenarios on land use Figure 6. Without payments to 
semi-natural pastures (scenarios TAX+VCS-AECM and TAX+VCS-BPS-AECM), substantial areas of 
pastures would be afforested (i.e., abandoned) and arable land put in set-aside. This scenario 
confirms the perceived complementary relationship between ruminants and preservation of 
pastures, but since society already has payments for maintaining pastures, the impacts of methane 
policy on pastures is minimized. Furthermore, these payments also indirectly incentivise farmers to 
keep arable land in agricultural production through the need for additional fodder production, as 
pastures are only a source of fodder for a few months of the year in Sweden (i.e., over the spring and 
summer months). Finally, the assumed price increases that would occur if the modelled methane 
policy scenarios were implemented at the EU level, would moderate the reductions in active land 
use, and associated livestock numbers (not shown). 
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Figure 6. Impacts of policy scenarios and sensitivity analysis scenarios on land use. 

 

5 Discussion 
Enteric methane abatement poses a complex dilemma for policymakers. While milk and beef 
production account for around 50 % of agriculture’s GHG emissions, cattle and other ruminants such 
as sheep also contribute to the conservation of biodiversity in the EU (and the cultural landscape and 
other ecosystem services) through the preservation of extensively grazed grasslands, such as 
Sweden’s semi-natural pastures. The aim of this study has been to explore how policy instruments 
aimed at reducing agricultural GHG emissions, specifically enteric methane, would affect 
preservation of semi-natural pastures particularly, and agriculture generally, in a study region 
characterized by large numbers of ruminant livestock and a relatively large area of biodiversity-rich 
pastures. Given that methane-abatement policy is likely to have profound impacts on the structure 
of agriculture we carry out the analysis with the spatial and dynamic, agent-based model AgriPoliS 
that is capable of simulating structural change in agriculture in response to policy reform.  
 
The cost-effective solution for increasing methane abatement demonstrated that abatement targets 
could be reached with minimal impact on the area of pastures through re-structuring of livestock 
production and use of a commercially available feed additive. In general, suckler-cow beef 
production and sheep are increasingly reduced for all abatement levels, and for the highest level of 
abatement even the dairy herd is reduced somewhat, but substantial reductions are achieved 
through use of the modelled feed additive (3-NOP). The cost-effective solution even calls for fewer 
but larger farms, which ameliorates costs of methane abetment through economies of scale.  
 
We thereafter evaluated three methane abatement policy scenarios (SC1–3) and their sensitivity to 
potential increases in output prices (SA1–3). We demonstrated that it is quite possible to radically 
reduce methane emissions with relatively small losses in the area of pastures through removing the 
Coupled Income Support to cattle (CIS) and implementing an environmental tax on enteric methane 
emissions. This is because of the considerable flexibility available to farmers to reduce emissions 
through restructuring livestock holdings and purchasing the modelled feed additive (3-NOP); and the 
strong incentive provided by existing policy payments to preserve pastures for biodiversity (i.e., the 
BIS and AECM).  
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A key result from the deeper policy analysis (SC4–5) is that existing agricultural and environmental 
payments proved crucial for preserving the area of pastures in the presence of methane abatement 
policy. Without these payments the area of pastures was shown to decline severely, but also 
methane emissions would be substantially lower (Table 5, SC5). Thus agri-environmental payments 
are not only important for compensating farmers for the extra costs of maintaining pastures today, 
but also for strengthening the resilience of pastures to potential policy (and market) shocks. 
Consequently, implementing a carbon tax in the presence of AECM payments results in an optimal 
area of pastures and methane emissions, assuming these payments reflect the societal benefits of 
preserving pastures and the methane tax the social cost of methane emissions. That is, the resultant 
higher level of methane emissions is motivated, from a Welfare Economic perspective, by the 
conservation of biodiversity associated with pastures. 
 
A further insight gained from the results was that, rather than the area of pastures declining in the 
presence of the methane tax and abolition of the CIS, as modelled here, it was primarily the rental 
price of agricultural land that declined. This value can be likened with the option value of preserving 
arable land to safeguard food security, by raising its value in agriculture through policy payments, 
despite it not being used in production today; but maintained in good agricultural and environmental 
condition for the future (Di Corato and Brady, 2019).  
 

5.1 Contrasting results 
According to our simulations, removing the CIS to cattle would reduce methane emissions without a 
significant impact on the area of semi-natural pastures. This result stands in stark contrast to the 
20 % or more loss in area of pastures predicted in simulations using another model, the Swedish 
Agricultural Sector Model (SASM) (Regeringskansliet, 2018). It is difficult for us to explain why SASM 
predicts such a strong effect, as this requires detailed understanding of the modelling assumptions. 
Nevertheless, we can describe the reasons for AgriPoliS predicting such a limited impact. First, the 
fact that SASM does not account for the potential for structural change, provides AgriPoliS farm-
agents with greater flexibility to adapt to a new policy environment. In particular, when some farms 
are closed down in AgriPoliS, causing a potentially strong reduction in availability of livestock to graze 
pastures, remaining farms can grow by renting the land released by closed farms, and investing in 
larger stable and machinery capacities; thereby taking advantage of economies of scale to reduce 
costs and continue the maintenance of pastures. As we demonstrate the methane policy scenarios 
also exert strong downward pressure on land rental prices, thereby partially compensating active 
farmers for tax expenses. 
 
In the same vein, AgriPoliS farm-agents can change the orientation of their livestock production by 
switching from, e.g., dairy production which is high in methane emissions and relatively low in 
contribution to preservation of pastures, to suckler beef production that has the opposite 
characteristics. Similarly, they can switch from suckler beef to lamb production. All made possible by 
the potential to invest in new stables and grow the farm in AgriPoliS, in response to more land 
entering the rental market. Finally, given the relatively low level of CIS payments compared to the 
combined value of the BIS and AECM directed to pastures, farmers maintain a strong incentive to 
maintain pastures despite elimination of the CIS in our simulations; thus reducing arable grass fodder 
production rather than semi-natural pastures. In essence, the relative profitability of environmental 
management increases compared to that of commodity production in the presence of agri-
environmental payments (i.e., as the BIS and AECM function for pastures).  In this sense introduction 
of a methane tax in the presence of the BIS and AECM provides farmers with a strong incentive to 
optimize farm structure to minimize methane emissions and maximize the area of pastures in 
AgriPoliS. Consequently, our simulations indicate a greater flexibility in the agricultural system over 
time to adapt to new conditions than is predicted by a static model such as SASM. 
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Furthermore, the validity of the CIS as a conservation measure is undermined by the fact that the 
levels of CIS payments to cattle do not depend on the extent to which the cattle graze on semi-
natural pastures (Regeringen, 2022). Cattle in different production systems differ greatly regarding 
their grazing needs, because fodder can not only be sourced from semi-natural pastures, but also 
from intensively farmed arable grasslands (recall Table 2). Therefore, it is not the number of cattle 
per se that is vital for the preservation of semi-natural pastures, but the availability of livestock types 
that can feasibly (i.e., economically and biologically) utilize semi-natural pastures. Finally, it has been 
shown that the number of cattle in Sweden can be reduced without negatively impacting the 
preservation of semi-natural pastures when considering the overall grazing need compared to supply 
of potential grazers (Larsson, et al., 2020). 
 
Today’s design of the CIS therefore raises questions about its cost-effectiveness for preserving semi-
natural pastures in addition to its climate cost. Furthermore, farmers can apply for voluntary 
environmental support, as compensation for the additional costs of maintaining pastures. Hence, an 
instrument targeting the preservation of semi-natural pastures already exists, thereby making the CIS 
all but redundant in this respect. The more reliable response for an increasing risk of pastures being 
abandoned is therefore to strengthen these payments through reduction of the CIS. 
 

5.2 Technical measures for methane abatement 
In our simulations, we only consider a single technical measure to reduce enteric methane emissions, 
a 3-NOP feed additive, but other promising measures are in development, though not currently 
viable as described in Section 2. Nevertheless, including the feed additive as an abatement measure 
has provided interesting insights into the implications of such measures for abatement costs 
generally, and the area of semi-natural pastures specifically. Namely, that they offer the promise of 
achieving deep reductions in methane emissions while not conflicting with the goal to preserve 
grasslands or food production. 
 
Another aspect to consider in light of the dual policy challenge in focus here is that research on 
additives is concentrated on intensive production systems, such as milk production and those 
utilizing feedlots to fatten cattle. In cases where fodder type and intake is strictly controlled, dosing 
additives can be feasible, but would be a challenge for grazing systems (Rivera and Chará, 2021). 
Consequently, technical fixes are more likely to be a partial solution for intensive livestock systems, 
rather than extensive grazing systems that are crucial for the preservation of pastures. Nevertheless, 
continuous dosing through, e.g., implants are under development, and with the right incentives could 
be available in the near future even for livestock on pastures. 
 
For these reasons, we conclude that an instrument targeting expected emissions by livestock-type is, 
currently, the only feasible policy option to promote cost-effective methane abatement (assuming 
the emissions relations are sufficiently well known, which seems to be the case), as measuring actual 
emissions from individual animals though possible, is prohibitively costly. Nonetheless, if this 
instrument is closely linked to predicted emissions abatement, then it will provide a strong incentive 
for development of innovations in breeding, fodder and feed additives to reduce benchmark 
emissions for different livestock types, if the system allows for revising predicted emissions by animal 
type, once the abatement effect is confirmed of a new measure, a so-called system based on 
modelled results (Bartkowski, et al., 2021). 
 

5.2.1 Reducing livestock numbers and regulated reductions generally 
A policy instrument currently being adopted in a number of EU member states (Netherlands, Belgium 
and Denmark), is a scheme whereby farmers receive a compensatory payment to reduce livestock 
populations. These are potentially more attractive to farmers than say a tax on emissions for obvious 
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reasons. The main reason for implementing these buyouts is to solve environmental problems 
associated with nutrient emissions at national and local scales (Boezeman, et al., 2023). These  
schemes are also cited as having co-benefits in the form of reducing GHG emissions, and indeed 
could be conceived to reduce methane and other GHG emissions associated with ruminants. As the 
damage caused by nutrient emissions is usually highly place dependent, a buyout scheme can make 
economic sense, since it is crucial which livestock and where they are reduced. However, in the case 
of methane emissions, the damage caused by their contribution to warming is a global problem and 
hence it is not important where or from which livestock emissions are reduced. The overriding policy 
challenge is to reduce these emissions cost-effectively, wherever that might be. 
  
According to environmental economic theory, the most cost-effective way to mitigate emissions of 
greenhouse gases is for farmers to be able to choose mitigation measures themselves. In that way, 
they can choose the measures that are cheapest for them. Admittedly, the cost-effective solutions 
derived in our study require restructuring of livestock holdings or purchasing the NOP-3 feed 
additive, but still there is great freedom in the region to choose which livestock and on what farms to 
reduce emissions. This indicates a limitation of our study, in that we do not consider the full range of 
potential abatement measures. Thus in reality, methane abatement is likely to be less costly than 
found here, if all potential abatement measures are considered. However, as found above, there is 
great uncertainty regarding the universal impacts of currently available technologies for mitigating 
per animal methane emissions from enteric fermentation. Nevertheless, the policy options 
investigated here are likely to be more cost-effective than a livestock buyout scheme and provide 
incentives for the faster development and adoption of technical measures.  
 
In the same sense as a buyout scheme, prescribing abatement measures through regulations would 
also be unnecessarily costly for achieving methane reductions. It is key to cost-effective methane 
abatement that a policy instrument targets the rate of emissions by animal type, as for instance our 
tax on methane emissions, or eliminate market-distorting subsidies that drive higher emissions, such 
as the CIS in our study region. 
 

5.3 Limitations 
Our study has some important limitations. First, it is a regional analysis and not a comprehensive 
analysis for Sweden - therefore, the results should not be viewed as answers to what happens with 
emissions and semi-natural pastures on a national level, but as being indicative of the effects in 
regions with similar conditions, such as mixed silvicultural-agricultural regions (i.e., skogsbyggder). 
Second, it does not account for potential carbon leakage, i.e., domestic production being replaced by 
imports, which could lead to increased methane emissions in other locations. Such leakage is 
expected to be substantial if Sweden enacts methane policy unilaterally. Third, we have had no 
ambition to find optimal levels of semi-natural pasture area for biodiversity conservation, rather we 
assume the current area is desirable and hence any losses are negative for societal welfare. While we 
assume that the modelled losses are negligible (i.e., several hundred ha of ~41K ha), in practice it 
would matter exactly which pastures are abandoned. Overall, it is important to recall that our aim 
has been to quantify the potential trade-offs between methane abatement and conservation of 
biodiversity, and not the efficacy of Swedish abatement from a global perspective, nor the biological 
value of preserving a certain area of pastures. 
 
Finally, the 3-NOP feed additive modelled here is currently produced by a single company with a 
patent on the substance, suggesting they have monopoly power. The cost of dosing it used in this 
study is also based on a “rough” estimate by a company representative. Consequently, the costing in 
this study is uncertain and could be higher or lower in an actual commercial situation depending on 
factors that normally impact commercial contracts, i.e., availability of alternative products, volume of 
purchase, etc. Nevertheless, this consideration does not change the overall conclusions of this study 
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about the potential cost-effectiveness of feed additives for mitigating methane emissions and the 
implications for semi-natural grasslands.  
 

6 Conclusions 
Our overriding conclusion is that it is eminently possible to reduce enteric methane emissions 
without substantial losses of nature areas such as Sweden’s semi-natural pastures. However, this 
conclusion is contingent upon the existence of sufficiently high agri-environmental payments to 
reward farmers for continuing to preserve these areas and the efficacy of the 3-NOP feed additive 
modelled here. In the absence of the feed additive, only small reductions in methane emissions were 
shown to be achievable at a marginal cost of around the same value as the Swedish CO2 tax and EU 
ETS pricing of CO2e emissions. 
 
The capacity to reduce methane emissions in the absence of technical measures rests on the ability 
of farmers to restructure livestock holdings; either reducing numbers of animals per se or 
substituting between different types of ruminant livestock, which we found to be very costly for 
achieved emissions reductions. We found that technical measures, such as the 3-NOP feed additive 
modelled here to reduce generation of methane in animal rumens, i.e., at source, are likely crucial 
for achieving deep cuts in enteric methane emissions. Despite showing promise for reducing 
methane emissions according to our literature review (Section 2), other additives such as those 
based on algae, have also generated severe side effects for animal health and productivity, while 
measures such as breeding and vaccination are in their early development. Consequently, we 
conclude that a broader pallet of technical measures is not currently available, but could be in the 
future, if the necessary incentives for research and development, and adoption by farmers are put in 
place. Currently, there exists little or no incentive for farmers to abate enteric methane emissions.  
 
To avoid simultaneous loss of nature areas dependent on ruminant grazing, such as semi-natural 
grasslands, we also demonstrated that it is imperative that targeted agri-environmental schemes are 
in place to reward farmers for continuing to preserve these areas.  
 
In view of the immense challenge to EU policymakers (and farmers) in dealing with multiple policy 
goals, such as climate action and biodiversity conservation, it is important to realise that trade-offs 
are inevitable, as shown here. In this case the rational policy goal is to find an optimal balance 
between conflicting goals and to achieve this balance cost-effectively (i.e., without wasting 
resources). To achieve this balance, it will usually be necessary to have at least one instrument in 
place for steering towards achievement of specific goals, unless goals are highly correlated. In the 
current study, we examined a tax on methane emissions for climate action and agri-environmental 
payments to grasslands for biodiversity conservation. In this respect, we demonstrated the crucial 
role of agri-environmental payments to strengthen the resilience of agricultural biodiversity to policy 
shocks targeting other goals. On the other hand, Coupled Income Support (CIS) such as the payments 
to cattle evaluated here, used as a single instrument to achieve multiple goals was shown to be a 
poor alternative.  
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Appendix A. Methane emission calculations 
 
Emission calculations for all animal types except sheep is based on method developed in (Bertilsson, 
2016). The method is used by the Swedish Environmental Protection Agency in their greenhouse gas 
emission inventory (Swedish EPA, 2023).  
 
Table A 1. Basic production data relating to livestock activities. 

 
AgriWise name 

 
AgriPoliS type 

Slaughter 
weight 

 
Milk 

 

  
 

kg 
kg ECM Description 

Stut, mjölkras BEEF_BULLOCK 310 
 

Mjölkras, 25 månader, 630 kg levande 
vikt, Nybyggnad, spaltgolv, flytgödsel,  

Ungtjur, mjölkras BEEF_DAIRY 300 
 

Mjölkras, 18 månader, 620 kg levande 
vikt, En betessäsong, 

Gödtjur, köttras BEEF_SUCKLER 350 
 

Tung köttras, Slutuppfödning av dikalvar 
(ca 6 mån), 50 producerade djur per år,  

Slaktkviga, 
kötttras 

BEEF_HEIFER 290 
 

Köttras, 18 månader. 

Diko - 
rekryteringskviga 

HEIFER_SUCKLER na 
 

Tung köttras, uppfödning från 6 till 18 
månader, egen rekrytering,  

Mjölkko - 
rekryteringskviga 

HEIFER_DAIRY na 
 

Mjölkras, 520 levande vikt vid inkalvning, 

Diko SUCKLER_COWS 390 
 

Moderdjurens ras: Tung köttras, 185 
dagars betesperiod 

Mjölkko DAIRY_COWS 310 10,200 SLB/SRB-kor, 600 kg levande vikt, 130 
dagars betesperiod, 

Tacka, vårlamm SHEEP * 39 
 

Slaktvikt för tacken efter 5 år är ca. 30 kg 

Slaktgris FATTENING_PIGS 298 
 

Föds upp 3.29 stycken per stallplats per 
år 

Sugga 
  

SOWS 164 
 

Föder 27 smågrisar om året. BIS plus-
smågrisar, 5 veckors digivning, säljs vid 
30 kg 

 
 

8.1 Dairy cows 
 

Energy corrected milk per day (ECM/day):  
ECM/day = 10200/365=28 
Metabolic energy required per day (ME): 
ME = ((0.507* 650^0.75) + ECM/day * 5 + (1/12 * (8.5+13+19.5)) = 205 
Metabolic energy corrected for actual feeding levels (ME_Corr): 
ME_Corr = 1.11 * ME - 13.6 = 214 
Metabolic energy corrected for actual feeding levels (ME_Feed): 
ME_Feed = FracConc * Conc + (1- FracConc) * Silage = 0.55*13.4+(1-0.55)*10.1 = 12 
Fatty acids content in the feed (FA)  
FA = FracConc * Conc_F + (1- FracConc) * Silage_F = 0.55*43+(1-0.55)*12 = 29 
Dry matter intake per animal and day (DMI) 
DMI = ME_Corr / ME_Feed = 214/12 = 18 
Energy content of methane (CH4_MJ): 
CH4_MJ = 1.39 * DMI - 0.091 * FA = 22 
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Total emissions from enteric fermentation per animal (kg CH4/cow and year): 
CH4_MJ / 55.65) * 365 = 146 
 
 

8.2 Suckler cows 
 

Energy corrected milk per day (ECM/day):  
5.5 
Metabolic energy required per day (ME) : 
ME = (0.507*750^0.75)+ECM/day*5+(1/12*(10+16+29)) = 104.7 
Metabolic energy corrected for actual feeding levels (ME_Corr): 
ME_Corr = 1.11 * ME - 13.6 = 102.7 
Metabolic energy corrected for actual feeding levels (ME_Feed): 
ME_Feed = Silage = 9.5 
Fatty acids content in the feed (FA)  
FA = 0*43 + (1)*12 =12 
Dry matter intake per animal and day (DMI): 
DMI = ME_Corr / ME_Feed = 214/12 = 10.8 
Energy content of methane (CH4_MJ): 
CH4_MJ = 1.39 * DMI - 0.091 * FA = 13.9 
Total emissions from enteric fermentation per animal (kg CH4/cow and year):  
kg CH4/cow and year = CH4_MJ / 55.65) * 365 = 91.4 
 

8.3 Dairy cow, replacement heifer; Suckler cow, replacement heifer; Slaughter 
heifer 

 

Table A2. Activity data  

 Heifers Bulls and steers 

 <1 year 1-2 years >2 years <1 year 1-2 years >2 years 

Live weight 200.0 385.0 580.0 250.0 500.0 625.0 

Energy requirements (MJ) 45.5 70.5 93.5 67.5 101.2 102.1 

Metabolisable energy in feed (MJ/kg DM) 11.5 10.1 10.1 12.3 11.7 10.4 

Fracconc 0.5 0.2 0.2 0.7 0.5 0.1 

Gross energy in feed (MJ/kg DM) 19.2 19.8 19.8 18.9 19.2 19.8 

Source: Bertilsson (2016) 
 
 

Kg CH4/year and cow =  
(−0.046 ×  FracConc +  0.071379) ∗  Gross energy intake ∗ 365

energy content of methane (55.56
MJ
kg

CH4)
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Table A 3. Activity data 

  Kg CH4/year and cow 

 Slaughter age <1 year 1-2 years >2 years 

Heifer dairy 27 24.1 58.4 77.5 

Heifer suckler 18 24.1 58.4 77.5 

Beef heifer 18 24.1 58.4 77.5 

Beef bullock 24 26.7 52.7 85.1 

Beef dairy 18 26.7 52.7 85.1 

Beef suckler 13 26.7 52.7 85.1 
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Mean emissions/year: 

8.3.1 Heifer dairy 
 

12

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 24.1 +

12

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 58.4 +  

3

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 77.5 = 45.3 

 
 

8.3.2 Heifer suckler/Beef heifer 
 

12

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 24.1 +

6

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 58.4 = 35.6 

8.3.3  
Beef bullock 

 
12

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 26.7 +

12

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 52.7 = 39.7 

8.3.4  
Beef dairy 

 
12

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 26.7 +

6

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 52.7 = 35.3 

8.3.5  
Beef suckler 

 
12

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 26.7 +

1

𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑎𝑔𝑒
∗ 52.7 = 28.7 

 

8.3.6 Sheep (Ewes) 
 
According to IPCC methodology a sheep emits 9 kg CH4 per head per year assuming a live weight of 
40 kg (Gavrilova, et al., 2019, Table 10.10). Given that a normal Swedish ewe weighs 70 kg and 
assuming enteric methane emissions to be a linear function of weight we use the following emissions 
rate in our modelling : 
 

9/40 * 70 = 15.75 
 
which we consider to be a conservative rate, since the linear assumption is most likely to result in a 
slight overestimation of the true rate. 
 

kg CH4 per head per year  15.75 

kg CO2-eq per head sheep per year  
= kg CH4 * 28 

441 
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