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Nitrogen (N) pollution has mostly been controlled using command-and-control
instruments. However, nitrogen surplus permits (NSPs), which are tradeable, can be
more cost-efficient in addressing the problem. To model this instrument, we calculated
the individual marginal abatement cost curve for a sample of about 3,400 Swiss farms
using farm-optimization models implemented in the agent-based agricultural sector
model SWISSland. We also used SWISSland to analyze the effects of two NSP
distribution systems (grandfathering and land-based allocation) on different farm types.
The results showed that different farm types range in their abatement costs to reduce N
surplus from an average of �0.04 CHF kg�1 N on arable farms to 51.06 CHF kg�1 N
on special crop farms. We also found that N surpluses hardly explain the level of
abatement costs. The biggest differences in effects of the distribution scheme were
found in intensive livestock farm types such as pig or poultry farms.

Keywords: N surplus; permit; marginal abatement cost (MAC); agent-based
modeling; Switzerland

1. Introduction

Reactive nitrogen (Nr) is a key limiting component in agricultural production.
Therefore, Nr from fertilizer and concentrate feeds is used to increase production.
However, the benefits of N inputs in agriculture have to be balanced against the envir-
onmental damage at both a global and a local scale (Sutton et al. 2011).

In the 1990s, many European countries introduced policies to reduce N pollution in
agriculture (Van Grinsven et al. 2013). In Switzerland, the agri-environmental goals
defined in 2008 have not yet been achieved (BAFU [Bundesamt f€ur Umwelt], and
BLW [Bundesamt f€ur Landwirtschaft] 2016). N surpluses have remained at the high
level of 108 kg N per hectare since the 1990s (Spiess 2011). The current Swiss agricul-
tural policies addressing N pollution include cross compliance requiring farms to limit
animal stocking density and application following a nutrient management plan and
offer regional voluntary programmes for nitrate vulnerable zones (Jan, Calabrese, and
Lips 2017). New policy instruments are still needed to reduce emissions further.
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Many instruments applied in both Switzerland and other European countries have
been command-and-control instruments. These are theoretically less cost-efficient than
market-based instruments because the latter allow for flexibility and consider the vari-
ability of marginal abatement costs (MAC) (Stuhlmacher et al. 2019; Feess and
Seeliger 2013). Research on taxes to reduce N inputs has shown that the demand elas-
ticities for purchasing fertilizer and feed are low (between �0.03 and �0.5) (Berntsen
et al. 2003; Finger 2012; Jayet and Petsakos 2013; M�erel et al. 2014; Schmidt
et al. 2017).

We therefore wanted to assess the cost efficiency of the new instrument of N sur-
plus permits (NSPs). NSPs are tradeable rights for every kg of N surplus. N surpluses
represent the potential environmental damage better than N inputs as they consider N
loss in different chemical forms (Oenema, Kros, and de Vries 2003; Stevens and
Quinton 2009). Hence, NSPs can be more effective in reducing N pollution than fertil-
izer taxes. In addition, permits (or quota or rights) allow governments to set a target
value for N surplus reduction by limiting the number of permits distributed to the sec-
tor (Feess and Seeliger 2013).

NSPs can be auctioned or given freely to farmers. Free distribution can be based
on their previous farm practice or their area. Distribution based on previous farm prac-
tices (grandfathering) has the advantage of not drastically changing the sector and thus
reducing transaction costs (Van der Straeten et al. 2011), whereas distribution based
on area has the advantage that farms which already have a low N surplus are not
forced to reduce it further. Grandfathering is often criticized, as heavy polluters might
profit from the trade, whereas low emitters do not have options for low cost abatement
(Woerdman, Arcuri, and Cl�o 2008; Verde et al. 2019; Cl�o 2011). Although compari-
sons between distribution schemes have been carried out for CO2 (Rosendahl and
Storrøsten 2011; �Alvarez and Andr�e 2015), such an analysis is still lacking for
N surpluses.

While there have been assessments of manure shipment, which is a sort of concen-
tration permit trade (Van der Straeten et al. 2011), there have been no assessments of
the effects of NSPs on N surplus reduction. No studies to date show the extent to
which different schemes for allocating NSPs to farms influence the agricultural sector.

To simulate the trade between the agents, we estimated the marginal abatement
cost curves (MACCs) of the individual agents. The different approaches to estimating
MACCs include bottom-up approaches (e.g. Hasler et al. 2019; Eory et al. 2018)
focusing on a technology portfolio, top-down approaches considering price feedback
and focusing on opportunity costs (e.g. Golub et al. 2009) and a mixed approach
assessing the interaction of different options under a given pollution ceiling (e.g.
Lengers, Britz, and Holm-M€uller 2014).

Most studies have focused on greenhouse gas abatement in agriculture; a few
exceptions look at N pollution. Ramilan et al. (2011) found that extensive farms have
higher MACCs for nitrate discharge than intensive farms. Mack and Huber (2017)
noted that N abatement costs are influenced by achieving the optimal level of N input
in feeding and fertilization.

This paper aims to extend current knowledge about the effects of NSPs in two
dimensions: 1) to analyze how different farm types differ in their N surplus MACs
and to discuss the implications of these differences for the design of NSPs based on
the heterogeneous farm sample of the Swiss Farm Accountancy Data Network
(FADN); 2) to show the effects of two NSP distribution systems on average farm
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income, average farm size, exit rate, N surplus and NSP selling or buying for different
farm types. We analyzed the grandfathering scheme, which distributes NSPs based on
previous N surplus, and an area-based distribution scheme, which allocates certificates
based on the agricultural area of a farm, and compared these schemes with a scenario
where no trade was allowed, which refers to a command-and-control instrument.

We calculated the individual marginal abatement cost curves for the Swiss FADN
farms using farm-optimization models implemented in the agent-based agricultural sec-
tor model SWISSland (M€ohring et al. 2016). We also used SWISSland to analyze the
effects of two NSP distribution scenarios: grandfathering and land-based allocation.

2. Methodology

2.1. Overview of the methodological approach

We assessed the effects of NSPs on N surplus reduction for Swiss agriculture using a
stepwise approach (Figure 1). Step 1 comprised the calculation of the current farm
gate N surpluses for the individual farm agents implemented in the agent-based sector
model SWISSland for the year 2015 (see Section 2.3). Step 2 comprised the calcula-
tion of MACCs for the individual farm agents using the single farm optimization mod-
els of SWISSland (see Section 2.4). Step 3 comprised the calculation of a cumulative
MACC for the total Swiss agricultural sector by upscaling the individual MACCs of
the FADN farm sample to the total sectoral level using an upscaling tool implemented
in SWISSland (Zimmermann et al. 2015) (see Section 2.5). In step 4, the different
NSP allocation scenarios were simulated with SWISSland. In this step, SWISSland’s
agent-based approach was used to model an NSP trade among farm agents (see
Section 2.6).

Figure 1. Overview of the four steps in the modeling procedure to simulate different
distribution scenarios for individual transferable quota.
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2.2. Overview of the SWISSland model and database

SWISSland is an agent-based agricultural sector model that simulates production and
land-leasing decisions for a heterogeneous agent population of 3,400 Swiss FADN
farms (M€ohring et al. 2016). The farm agents are representative of the Swiss agricul-
tural sector in terms of farm types (6% arable farms, 25% specialized and 4% com-
bined dairy farms, 8% specialized and 3% combined suckler cow farms, 10% horse,
sheep and goat farms, 3% specialized and 9% combined pig and poultry farms, 8%
vegetable farms, orchards and wineries), agricultural production regions (44% farms in
the valley region, 14% in the hill region and 42% in the mountain region) and percent-
age of organic farms (13.5% organic) (Hoop and Schmid 2013).

For each of the 3,400 farm agents, SWISSland estimates individual land-use and
livestock decisions based on a recursive-dynamic farm-level optimization model using
positive mathematical programming (PMP) over a period of 11 years. Farm records
from the FADN database (three-year averages for the years 2011–2013, further
referred to as the base year) were used to calibrate the model and to define the tech-
nical coefficients of the optimization models (e.g. production resources, animal- and
crop-related yields, costs, prices and direct payments). The agents maximized their
farm incomes considering different constraints (Equation (1)).

Max Zi, tð Þ ¼
X

pi, txi, t þ di, txi, t � 1
2
xi, tQii xi, t (1)

subject to : Aw;ixi � Bw and xi � 0

The farm income Zi,t was calculated by adding direct payments (di,t) and market
revenues from farm activities i (pi,t: price; xi,t: production quantities) and subtracting
the quadratic cost term (Qii: symmetric and positive [semi-definitive] matrix; see
Equation (2)).

Qii ¼
1
qi
� pi, t0

xi, t0
(2)

where xi, t0 represented the observed production levels and pi, t0 the revenues in the base
year t0. qi was the supply elasticity which was considered as 1.

The individual farm models were optimized based on the constraints of available
quantities B of the resource endowment w that was not permitted to be exceeded by
the demand A for the quantity xi of resource endowment w. Examples of limited
resources are animal housing capacities, land endowment and family labor resources.
The cross-compliance measure “Suisse-balance” restricts the application of fertilizers
to 110% of the crop needs (Schmidt et al. 2017). If this limit is exceeded, farmyard
manure must be exported to other farms (Jan, Calabrese, and Lips 2017).

SWISSland models farm exit or farm succession decisions based on income criteria
when the manager of a farm agent reached pension age. If farming activities were
given up, the agent’s area was leased to a neighboring farm agent. The agents’ share
of off-farm work observed in the FADN data in the base year remains unchanged over
the whole modeling period. An ‘overview design concepts and details’ (ODD) protocol
of the model is provided by Zimmermann et al. (2015).
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2.3. Calculation of the current farm gate N surpluses for the individual
heterogeneous farm agents

To assess the individual farm agents’ N surpluses, a farm gate N balance was intro-
duced into the single farm optimization models. This balance accounted for all N
inputs entering the farm via fertilizers, feeds, purchased animals, and deposition and
fixation by legumes, and subtracted the N leaving the farm via sold animal and plant
products (Schmidt et al. 2017). Unlike soil surface N balances, farm gate N balances
do not consider farm internal N fluxes such as feed produced on the farm or farmyard
manure applied to the fields (Oenema, Kros, and de Vries 2003) (see Figure 2). Farm
gate N balances are supplementary to nutrient management plans because they also
account for importation of feeds (Pellerin et al. 2017).

The FADN farms’ N inputs through fertilizers were estimated based on their total
fertilizer costs and divided by the nutrient prices, taking into account recommended
fertilizer application ratios (Agridea 2013a). Similarly, concentrate inputs for animal
production activities were estimated and distributed using typical feed mixtures and
their N contents (Agridea 2013b). Average values were chosen for N deposition (19 kg
ha�1) (Jan, Calabrese, and Lips 2013). For N fixation, the standard values for different
legumes and grassland types were applied (Boller, L€uscher, and Zanetti 2003). For liv-
ing animals, carcasses and plant products, values per kilogramme were used (Flisch
et al. 2009). This approach led to an underestimation of the sectoral N surplus of
Swiss agriculture by 8% (Schmidt et al. 2017). We corrected for this difference by
adjusting the upscaling factor to meet the published sectoral N surplus in the
base year.

2.4. Calculation of individual marginal abatement cost curves

We estimated each agent’s MACC for year 2 after the base year by calculating the dif-
ference in farm income with a restricted and an unrestricted farm gate N balance. The
second year of the simulation was chosen because Swiss agricultural policy underwent
significant changes in 2014 (Mann and Lanz 2013). The MACC was only estimated
for farms with positive N surpluses, because farms with negative N surpluses should
not further reduce N surpluses due to soil depletion. Consequently, 3.6% of the farms

Figure 2. The model calculates for every agent a farm gate nitrogen (N) balance to estimate
the N surplus. The agent can reduce the N surplus by the reduction of inputs or by changing the
production to products with higher N use efficiencies.
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were excluded; the majority consisted of special crop farms (12.3%), arable farms
(9.4%) and combined suckler cow farms (9.4%).

In a first run, the N surplus of every agent was calculated without implementing
the new N surplus restriction. However, the agents needed to fulfill the current nutrient
management plan. The estimated N surplus without restriction was reduced in 10%
steps down to �70% of the initial level. For each step, the difference in farm income
was divided by the reduced amount of N surplus to calculate the marginal abatement
costs of the step. We assumed constant prices because the import quotas might adapt
to the new production quantity. The amount of shipped farmyard manure was disre-
garded because we assumed that agents accepting farmyard manure under current con-
ditions would demand higher prices to accept additional manure if they had a limit,
and thus the costs remained on the farms with too high nutrient balances, increasing
their MACC.

We considered four different N abatement options in the farm optimiza-
tion models:

1. Reduction of N fertilization inputs by up to 20% in field crop activities such as
wheat, barley, rape seed, sunflower seed, sugar beets, maize and potatoes. For this,
yield functions were estimated with a quadratic function as suggested by Busenkell
(2004) by relying on the FADN data. The estimated parameters of the yield
function are presented in Table A.2 in the appendix (online supplemental data).

2. Reduction of concentrate feeds in milk production (explained in detail in Mack and
Huber 2017).

3. Land-use change toward less intensive production activities for which additional
ecological direct payments are provided.

4. Reduction in animal stocking density.

All these abatement options affect the variable costs, the production volumes and
the associated N outputs. A sensitivity analysis for the model response in N surplus
has been reported in Schmidt et al. (2017). We calculated the average abatement costs
for each farm type classified by Meier (2000) (see Table A.1 in the appendix [online
supplemental data]).

2.5. Upscaling the individual MACCs to a cumulative marginal abatement
cost curve

The cumulative MACC aggregates the individual MACCs. For this curve, we first
upscaled the N surplus of every agent based on the upscaling factors of SWISSland
(Zimmermann et al. 2015). Then we aggregated the marginal costs by integrating the
amount of N surplus reduction at a given level for 1 to 300 CHF (1 CHF � 1 USD)
in steps of 1 CHF.

2.6. Individual transferable quota distribution scenarios

We tested: 1) a “Grandfathering” scheme where every agent received certificates based
on 80% of its previous N surplus. If land was traded in this scenario, the new owner
of the land received 80% of the average N surplus of all Swiss farms; 2) an “Area-
based” scenario where the distribution of NSPs was based on agricultural area. Every
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agent received a permit for 88 kg N surplus per hectare, roughly equivalent to 80% of
the current average N surplus per hectare in Switzerland; and 3) a “No trade” scenario,
where every agent needed to reduce the N surplus by 20%, which refers to a com-
mand-and-control scenario. Newly leased land received the same amount of NSPs as
already attained land. Based on the cumulative MACC, we derived the price of the
NSP for a cumulative reduction of 20% of the N surplus. The level of 20% was
selected to compare the results with an N levy presented in Schmidt et al. (2017). For
every agent, the program checked how much to reduce for this price and if they
needed to buy additional NSPs or were able to sell some. We tracked the agent’s
behavior in terms of adaptation strategies to the scenarios, such as exiting from farm-
ing, leasing land, buying additional NSPs or selling NSPs to other farmers, in combin-
ation with a reduction of the agent’s N surplus.

3. Results

3.1. Abatement costs for each farm type

The variation in MACs between the SWISSland agents on every reduction level was
high (see Figure 3). The farm types with special crops (vegetables, fruit and vines)
had the highest average MAC for reducing N surplus. Individual farms showed differ-
ent patterns ranging from linear, exponential and stepwise curves in response to the
decrease in N surplus.

Different cattle farm types usually showed similar patterns in the level of abate-
ment costs and the slope of the MACC. However, the variation in dairy farms was
higher than for any other livestock farm type. The abatement costs were strongly influ-
enced by the milk yields per cow and thus by the options to reduce concentrate supple-
mentation in the feed ration. Suckler cow farms had low N surplus and thus had the

Figure 3. Average nitrogen (N) abatement costs for different farm types (see typology in Table
A.1 in the appendix [online supplemental data]) with standard deviation (estimated per farm; 1
CHF � 1 USD).
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highest MACCs. These farms tend to have closed N loops. Thus, their only option to
reduce N surplus was to reduce the number of animals, which in turn causes high
abatement costs.

Arable farms had flat MACCs starting, on average, slightly below zero, whereas
farms with special crops showed high variability. The high variability of special crop
farms is due to their large heterogeneity in terms of farm income (M€ohring, Mack, and
Willersinn 2012). This farm type includes farms with intensive vegetable production
and farms producing extensive energy crops. Some of these farms could only reduce
their vegetable, fruit or vine growing area to obtain a small reduction in N surpluses in
our model. As every farm with more than 10% of special crops and less than
1 LU�ha�1 is considered as a special crop farm (see Table A.1 [online supplemental
data]), some of these farms also had other options to reduce their N surplus. Arable
farms experienced a relatively small income loss per kilogramme of N surplus due to
lower revenues per hectare in comparison with special crop farms or livestock produc-
tion. Additionally, they had relatively cheap options to reduce their N surplus and pos-
sibilities to increase direct payments when reducing their intensity level.

Farms with horses, sheep or goats had high abatement costs and also a steep curve
in comparison with the average farm. This farm type produces extensively and has
only a small number of options to adapt to reduced N surplus allowances.

Pig or poultry farms had a flatter MACC, even though the model does not allow
for cheap adaptation strategies, such as the use of nitrogen- and phosphorus-reduced
(NPr) feed. Therefore, most of these farms had only the option to reduce animal num-
bers in order to reduce N surpluses, leading to constant marginal abatement costs.

All types of mixed farms had a similar slope of the MACC. Mixed farms with
pigs or poultry had the highest costs for abating N surpluses, and mixed farms with
suckler cows had the lowest abatement cost. In practice, mixed farms can reduce the
N surplus in both crop and animal production. However, in our model, the possibilities
for increasing N use efficiency with the use of farm manure were limited. Some of the
mixed farms with high mineral fertilizer application may have had a limited1 potential
for cheap N surplus reduction by replacing fertilizers with manure. This was why the
abatement costs of these farm types might be overestimated.

3.2. Abatement costs in relation to the nitrogen surplus in the base year

The abatement cost level at a reduction of 10% increased by 0.088 CHF with every
additional kilogramme of higher N surplus (p¼ 0.04; r2 ¼ 0.001) (see Figure 4). The
effect size and the R2 were low. For the abatement cost level at a reduction of 70%,
there was no significant correlation between N surplus and N abatement cost. The vari-
ation in the abatement cost increased with higher reduction of N surplus, as illustrated
by some farms having more linear MACCs whereas others had increasing marginal
abatement costs.

3.3. Cumulative marginal abatement cost curve and the price of individual
transferable quota

The cumulative MACC did not start at the point of origin (see Figure 5), because
some agents could reduce their N surplus to a certain extent without any income
losses, or even with gains. Negative individual MACCs happened as a PMP approach
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was considered in the optimization and the restriction of the N surplus forced the
agents to optimize for their N surplus. Due to the aggregation at different price levels,
the negative values were accumulated at the level of 1 CHF per kg. If we reduced the
surplus by 20,000 t (this figure corresponds to a 20% N surplus reduction in
Switzerland and was assumed in our NSP scenarios), we obtained a quota price of 6
CHF kg�1 N (see Figure 5). The quota price increased exponentially when the N sur-
plus reduction rose. The first tonne might be reduced by switching the farm practice to
an abatement option with lower N inputs and higher ecological direct payments,
whereas at higher reduction levels more costly measures, such as reducing animal

Figure 4. Marginal abatement costs of individual model agents in relation to the N surplus for
a reduction of (a) 10% and (b) 70% of the initial surplus.

Figure 5. Cumulative marginal abatement cost curve for the whole agricultural sector (1 CHF
� 1 USD).
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numbers, were considered. To meet the agri-environmental goals for nitrate pollution
and ammonia emissions, a reduction of about 50% (approximately 55,000 t) of the N
surpluses would be needed (BAFU [Bundesamt f€ur Umwelt], and BLW [Bundesamt
f€ur Landwirtschaft] 2016). The marginal costs would be about 36 CHF per kilogramme
of N surplus reduction.

3.4. Effects of the distribution of certificates

The differences in N surplus reduction of the different farm types between the two
trade scenarios were minor (see Figure 6d). The largest difference was in the farm
type “pigs or poultry,” the only group where the “No trade” scenario had a lower N
surplus than in both trade scenarios. Farms with pigs or poultry had an N surplus that
was higher than average; for specialized pig and poultry farms, the N surplus was dou-
ble the average. In other farms and combined arable and dairy farms, the N surplus
was much higher in the “No trade” scenario. This was an effect of the change in the
exit rate (Figure 6c), which influenced the farm sample and also led to a higher

Figure 6. Effects of NSP trading with distribution based on area or based on a grandfathering
scheme in comparison with a default reduction of 80% of the initial N surplus on (a) average
farm income and (b) average farm size (c) exit rate and (d) N surplus of different farm types.
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income for this group under the “No trade” scenario. The effect of the “Area-based”
and “Grandfathering” scenarios on farm income was small (Figure 6a). Most farms
achieved a slightly higher farm income in an area-based scenario than in a grandfather-
ing distribution scheme, but a higher income than in a “No trade” scenario, expect for
the already mentioned cases in other farms and combined arable and dairy farms.

In combined suckler cow, dairy cow, sheep, goat and horse, other cattle and suck-
ler cow farms, the farm exit rate increased from the “Area-based” to the
“Grandfathering” to the “No trade” scenario. The different scenarios also had an effect
on the land trade, which was indicated by the different exit rates and the different
responses to the average size of the farms (Figure 6b,c). In pig and poultry farms, the
average farm size was lower under the “No trade” scenario than under the “Area-
based” scenario, although the exit rate was the same. These results indicate that farms
were less competitive in the land market under this scenario.

In all farm types, except pig, poultry and combined pig and poultry, the average N
surplus was lower than the allowance by distributed certificates, which corresponds to
80% of the average N surplus; thus, these farms sold certificates and gained a profit.
In the case of pig, poultry and combined pig and poultry farms, the higher average
farm income in an area-based scenario compared with the grandfathering scenario was
caused by the changing farm sample due to the higher exit rate under this scenario
(Figure 6b).

In an area-based scenario, most farms sold their certificates because their average
N surplus was lower than the average N surplus of the whole sector. The only excep-
tion was pig or poultry farms; only a quarter of pig or poultry farms sold certificates
and the rest bought additional certificates (Figure 7). In the grandfathering scenario,
farm types with higher abatement costs tended to buy additional certificates, whereas

Figure 7. Share of farms selling nitrogen surplus permits (NSP) in combination with a
reduction in N surplus in the two NSP scenarios.
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farms with low abatement costs tended to sell them. The farm type “pigs or poultry”
had a higher average N surplus in the grandfathering scenario than in the area-based
distribution scheme (Figure 6d). Pig farms had to reduce their N surplus by around
half to comply with their distributed N surpluses in an area-based scheme, whereas
many other farm types did not have to reduce their N surplus in this scenario at all.
The choice of the certificate allocation scheme had small effects on the exit rate of the
different farm types. Despite the minor differences, the distribution influenced the
decisions regarding land leasing and whether to give up farm activities in some cases.

4. Discussion

4.1. Abatement costs for each farm type

The individual MACCs differed between distinct farm types. Some farms could reduce
their costs by slightly reducing their N surplus, leading to negative MACCs (which
could be shown due to the PMP approach). The agents showed a high variation in
MACCs of N surplus in different farm types. This was also found for Swiss mountain
dairy farms by Mamardashvili, Emvalomatis, and Jan (2016). Those authors assumed
constant abatement costs regardless of the N surplus reduction level. However, our
results showed that abatement costs increase with rising levels of N surplus reduction
for most cattle farms.

4.2. Abatement costs in relation to the nitrogen surplus in the base year

The initial N surplus and the abatement costs hardly correlate for a reduction of 20%.
For the 70% reduction in N surplus, no relationship was detectable. Some farms that
had a high N surplus might have had low abatement costs, whereas farms with low N
surplus might have had high costs. This may have affected the evaluation of the fair-
ness of the instrument. Questions about fairness are also raised by the results from the
Ramilan et al. (2011) study, which found that higher polluting farms had lower abate-
ment costs.

4.3. Cumulative marginal abatement cost

We found that the costs for a 20% N surplus reduction are 6 CHF kg�1 N. This was
still more cost-efficient than an N input tax where the same level of reduction was
reached with a tax of 12 CHF kg�1 of N input (Schmidt et al. 2017). The input tax
optimizes the input, which does not necessarily optimize the N surplus, leading to a
lower cost efficiency. However, transaction costs might be higher with NSPs. Pareto-
efficiency cannot be fully reached because information on marginal benefits is often
not fully available (Sun, Delgado, and Sesmero 2016).

4.4. Allocation schemes

The difference between the two NSP allocation systems (land- or grandfathering-
based) was only relevant for farms with pigs and poultry. These farms had a high N
surplus and a high productivity per hectare.
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The low impact of the allocation scheme on the exit rate is consistent with a study
by Rosendahl and Storrøsten (2011) on trade in CO2 emission certificates. Buysse
et al. (2012) claim that quota systems have had an effect on structural change, although
they are motivated by environmental issues. Quota systems also affect the supply chain
(Wu et al. 2018). In addition, land prices can be affected by distribution of rights,
especially in the land-based allocation, as farmers with low N surpluses might gain
additional profit from selling rights. Whether an NSP scheme is accepted depends
partly on whether society is convinced that the abatement costs are fairly distributed
and partly on the administrative costs of an instrument (Stranlund and Ch�avez 2013).

4.5. Model limitations

Our approach to estimating N farm gate balances involved some uncertainties: 1) the
estimation of N inputs based on economic data; 2) the use of constant values for N
deposition and N fixation; and 3) the N content in farm products. Furthermore, farm-
yard manure shipments were assumed to be constant over time.

The estimation of the individual MACCs by micro-economic optimization models
allowed us to depict differences between individual farms. However, we did not con-
sider individual technical measures, long-term investments or sunk costs. This affects
the estimation of the MACC. The optimization of feed to reduce N surplus was only
considered in dairy production. Nitrogen- and phosphorus-reduced (NPr) feed could
reduce the N surplus of pig farms by 3–14% (calculation based on data published by
Bracher and Spring 2011). Most poultry farms already use NPr feed so further reduc-
tion was minor. Suckler cows are usually fed based on own grassland. These N flows
were not explicitly considered in the N balance.

The possibility of working off-farm was not accounted for. This decision cannot be
considered in the optimization as Swiss farm incomes are lower than comparable
incomes (Hoop and Schmid 2013). In addition, our model did not allow us to estimate
the abatement costs for switching to organic production, which affects N inputs and
outputs. Hence, it was difficult to assess how the abatement costs were affected. The
effects of the N restriction on prices were not considered. This assumption is reason-
able because prices of agricultural products in Switzerland are dependent on import
quotas. Another limitation was that the MACC was only estimated in one year. There
may be changes in MACC during simulation due to the leasing of additional land.

In the agent-based approach, we yielded the potential of 3,300 heterogenous farm
data leading to different MACC that allowed us to represent NSP trading. In addition,
the agent-based model enabled us to estimate the effects of the policies on farm exit
rates. However, the generalist farm model did not account for all the specialities of
every farm. The methodology would also allow the modeling of network effects and
an explicit market, which was neglected.

4.6. Policy implications

The NSP instrument can be effective in reducing N surpluses in Switzerland.
However, the reduction is costly in comparison with the price for N fertilizer (�1.13
CHF). N surpluses are a better indicator to represent a potential loss of N to the envir-
onment than are N inputs (Oenema, Kros, and de Vries, 2003). Thus, policies focusing
on N surpluses might give an incentive to optimize N inputs rather than minimizing
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them (Bakam, Balana, and Matthews 2012). NSPs might be more cost-efficient to
reduce N pollution than an N input levy (Schmidt et al. 2017), but transaction costs
need to be included in the evaluation (Bakam, Balana, and Matthews 2012).

The instrument has some limitations, as it only reduces overall surplus and does
not address spatial heterogeneities, which reduce effectiveness and cost efficiency
(Jayet and Petsakos 2013; Kaye-Blake et al. 2019). An integrated policy mix that
addresses ammonia NH4

þ NO3
� NOx and nitrous oxide (N2O) is mandatory to avoid

pollution swapping (Sutton et al. 2011).
There are many other options to address N pollution, for example concentration

permit trading where farms exceeding their concentration permit must either transport
their manure to other farms with unused rights or process the manure (Van der
Straeten et al. 2011), subsidies for N reducing technology such as drag hose (Jan,
Calabrese, and Lips 2017) or consumer taxes (Schmutzler and Goulder 1997).

5. Conclusion

In this study, we analyzed the abatement costs for reducing the N farm gate surplus of
3,400 Swiss farms in the FADN dataset by estimating the income reduction at different
levels of surplus reduction per kg N. We then compared two different N certificate dis-
tribution scenarios: a grandfathering scheme and a scheme based on agricultural area.

Swiss farms have high variability in terms of N surplus abatement costs. Although
individual marginal abatement costs can be negative, cumulative marginal abatement
to meet agri-environmental goals was up to 36 CHF per kg of N surplus reduction.
The individual MACC depended partly on the farm type, but the N surplus of the base
year hardly explained the individual MACC. Thus, NSPs for N surplus reduction based
on grandfathering might favor more polluting farms over farms with high abatement
costs. However, the NSP distribution scheme had hardly any impact on the agricultural
sector, except that land-based distribution would probably drive a few pig and poultry
farms out of business. Nevertheless, due to the nature of Nr pollution, uniform instru-
ments should be accompanied by a thoughtful policy mix or trading should be region-
ally restricted to avoid adverse effects. Policies considering N surpluses aim to
approximate N use efficiency. Thus, they are more concise than policies focusing on
N inputs. However, cost efficiency including transaction costs, marginal benefits and
price effects needs to be further evaluated.

Data availability
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