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Abstract: The ambition of the Dutch Ministry of Agriculture is to stimulate the transition to circular
agriculture. The objective of this paper is to develop and apply a farm level model toolbox for circular-
agriculture policy assessment. Transition to circular agriculture affects farm management practices
and outcome in the field of finance and economics, soil quality, use of finite resources, emissions,
and biodiversity. Based on this, there is a need for an integrated assessment at farm level. Therefore,
Bio Economic Farm Models should be at the core of the model toolbox. Model collaboration enables
answering more complex questions and enlarges the scope of the analysis. Challenges of model
collaboration are among others overlapping modules, different approaches (optimisation versus
simulation), and existence of different networks of model developers and users. It is argued that
a governance structure and networking will foster model collaboration. To stimulate transition to
more circular agriculture practices and as a demonstration, the model toolbox was applied to assess
the economic and environmental impacts of a tax on N from mineral fertiliser on a representative
dairy and arable farm in a region in the Netherlands. It was found that a tax on N from mineral
fertiliser has relatively large income effects, while the impacts on various environmental indicators
are relatively limited.

Keywords: bio-economic farm models; tax policy; environment; model governance; DairyWise;
Farmdyn

1. Introduction

In 2018, The Dutch Minister of Agriculture launched the vision document “Agricul-
ture, nature and food: valuable and connected (in Dutch: Landbouw, natuur en voedsel,
waardevol en verbonden)” [1] in which the ambition is expressed for a circular and biodi-
verse agriculture. Circular agriculture was defined as an agricultural production system
that produces a minimum amount of environmental and biodiversity losses, having closed
nutrient cycles as much as possible at local, national, and international scales by 2030.
Further elements are, amongst others, an improved socio-economic position of farmers, a
decreased carbon (C) footprint, and an improved quality of ecosystems. The farmers, their
decisions, and their farms are an important part of the agricultural production system. In
this paper, we define a farm as a place where land, labour, capital, and intermediate inputs
are used for primary agricultural production. Ex-ante evaluations of circular agriculture
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policy measures based on farm models and tools can help to estimate economic and en-
vironmental impacts taking into account possible changes in farm management practices.
These estimates and insights are essential for policy design.

A conceptual model to analyse circularity at the farm level has been presented in [2].
This conceptual model was described in terms of relevant policy questions, indicators,
and farm model requirements. From this conceptual model it was concluded that for an
integrated assessment of circular agriculture impacts at farm level, bio-economic farm
models (BEFMs) play an important role. These models allow integrated assessment of
economic, agronomic, biophysical, and environmental effects of policy measures related
to circular agriculture at farm level. However, given the wide range and complexity of
policy questions, the large number of indicators and the interrelationships of themes and
scales related to circular agriculture, individual BEFMs cannot fulfil all the necessary
requirements [2]. Model collaboration helps to solve this problem and to broaden the scope
of the analysis [3,4]. As an example of model collaboration, Lesschen et al. [5] combined
different types of models to analyse the impacts of scenarios regarding climate change at
regional and national levels.

The objective of this paper is that we investigate model collaboration at farm level. The
model collaboration is tested to analyse economic and environmental impacts of a baseline
and a tax on nitrogen (N) from mineral fertiliser for a representative dairy and arable farm
in the Netherlands. A tax on N from mineral fertiliser is an economic policy measure often
mentioned to decrease the use of mineral fertiliser and to stimulate circular agriculture.

Another objective is to discuss the theory and governance of model collaboration of
partly overlapping models and tools developed by different modelling networks, with
a focus on farm models and tools. We discuss possibilities of different types of model
collaboration at farm level and the specific challenges of collaboration of models and
tools that are developed by different networks, with different objectives and modelling
approaches (e.g., optimisation versus simulation).

For the dairy farm, we combined the BEFMs DairyWise [6] and Farmdyn [7]. Dairy-
Wise has been applied to different aspects of circular agriculture. Vellinga and Hoving [8]
used DairyWise in combination with the Introductory Carbon Balance Model to show that
mitigation of methane emissions by increasing the amount of maize silage in the ration can
be offset by land use change. DairyWise was also used to study cost effectiveness of green-
house gases (GHG) [9] or ammonia (NH3) [10] emission mitigation options at farm level
or to assess the environmental (GHG and NH3) and economic effects of mono-digestion
of manure on dairy farms [11]. Furthermore, [12] compared DairyWise with three other
farm-scale models regarding their ability to estimate GHG emissions. More recently, [13]
have used DairyWise to calculate the economic impact of NH3 emission reducing measures
in the context of the Dutch N policy. Applications of Farmdyn to different aspects of circu-
lar agriculture can, for example, be found in [14–18]. These applications mostly focus on
Germany, analysing marginal abatement costs curves of GHG emissions at farm level and
impacts of nitrate policies on German livestock farms. Farmdyn was also used to analyse
impacts of reduction of GHG from peat soils in Dutch agriculture. Here, the focus was on
dairy farm management impacts of rewetting peat soils, including impacts on emission of
NH3 [19,20]. Daatselaar et al. [21] used Farmdyn to analyse integrated effects of a switch to
more permanent grassland on dairy farms with silage maize. The analysis was based on
dairy farms in the Dutch Farm Accountancy Data Network (FADN). The amount of GHG
emission, including C sequestration, slightly decreases, but ammonia emission increases
for the reported four groups of average farms. This is because of higher ammonia emission
rates from manure application on grassland. Average abatement costs per average farm
group differentiated between 77 and more than 1000 Euro per ton CO2 eq.

For the arable farm we combined the BEFM Farmdyn and the tool Nutriëntenbalans
Akkerbouw (Nutrient balance Arable farming, NA). The NA tool has been developed
recently for calculating N and phosphorus (P) surpluses on arable farms based on the
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cropping plan, crop yields, and the fertilisation of the crops [22]. It represents the state of
the art regarding modelling emissions on individual arable farms.

Individual models could not achieve the results of the tax policy that will be assessed
in this paper on their own. The tax policy is an example of a complex policy that allows
combining the strengths of an economic optimization model like Farmdyn with the de-
tailed environmental and production (grass and crop growth, milk, feed requirements,
herd management) modelling in DairyWise and NA. As both DairyWise and NA are no
optimizations, but simulation models, they are not able to ‘search’ for the economic optimal
solution in the new scenario. The isolated models could never present results for dairy and
arable farms. As DairyWise only focusses on dairy farms and NA only on arable farms. NA
also lacks the whole farm approach. Given the above arguments, it is not tested whether
the same type of results could be achieved without model collaboration.

The structure of the paper is as follows. Section 2 discusses in more detail the theory of
model collaboration. In Section 3, model features and aspects of circular agriculture covered
by the selected BEFMs and the NA tool are shortly described. Section 3 also discusses some
technical details of the models that are important for the baseline and the circular policy
intervention case assessment. In Section 4, the results of the policy intervention are analysed
for a representative dairy farm on a sandy soil and for a representative ware potato farm on
clay soil. In Section 5, the governance of model collaboration and importance of networking
are discussed. Section 6 ends with conclusions and recommendations. Recommendations
focus on model collaboration and corresponding governance and network needs.

2. Various Forms of Model Collaboration

Model collaboration at farm level allows answering more complex questions and
broadening the scope of the analysis. The importance of model collaboration in general
is also an important finding of the EU H2020 project SUPREMA [3,23]. According to [3],
“the ‘collaboration’ between different approaches offers possibilities to ‘fill’ the gaps that
a single model has and strengthens the capacity to assess the direct and indirect impacts
of a particular shock. Therefore, the use of models in an integrated manner can improve
the quality of information for policy-makers and contribute to better-informed decision-
making [24].” Model comparison has a role to play in the learning process of modellers,
possibly coming from different modelling networks and disciplines and can become the
‘seed’ for additional model improvements [3,12,16].

Wicke et al. [24] identified three forms of model collaboration:

• Comparison of Models. This focuses on the methods, representation, and param-
eterisation of assumptions and uncertainties in input data, and/or on results and
uncertainties in underlying data and approaches.

• Alignment and harmonisation of models. This focuses mainly on input data, level of
aggregation, and scenario definitions.

• Integrations of models. Integration of models includes different kinds of model
linkages, ranging from using the results from one model as input to another model to
full model integration.

The focus of this paper is on all three aspects of model collaboration. The different
forms of model collaboration are interrelated [24]. Model comparison contributes to the
harmonisation of data and models, improves the insight into specific contributions that
different models can make, but also identifies additional options for model integration and
can be used as a validation of the model outcomes [24].

Model collaboration often involves important efforts for further harmonisation among
model inputs and outputs [4,25–29]. The problems of model collaboration are especially re-
lated to different methodologies, data sources, IT, network of modellers, etc. Type of models
can be different (simulation, optimisation) as well as scale and targeted aspects/disciplines
of the analysed system, e.g., economic, agronomic, and environmental. Often this requires
solving problems in definition of variables, data requirements, aggregation of data and
availability and access to data.
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Given the difficulties related to the different types of model collaboration, it is impor-
tant to be explicit regarding the additional value of the model collaboration. As such, it is
useful to distinguish between model collaborations to more realistically analyse:

• different economic levels and spatial scales (e.g., farm level, sector level, regional and
global market levels, including trade). For example, a micro-model with all input and
output prices fixed could take price changes from market models [26];

• different disciplines (economic, agronomic, environmental, ecological). For example,
an economic model may be linked to a biophysical model in order to assess the
environmental impacts associated with certain economic behaviour of farmers [3].

Any attempt of model collaboration will start with researchers defining what the real
aim is that they would like to establish. The answer to this question should deliver a clear
definition of the flow of information that will be exchanged and the feedback loops among
the different models under consideration.

In this study, research teams were quite experienced and could start from pre-selected
models and tools. Based on our experiences, the following recommendations for researchers
and modelers can be provided regarding model collaboration:

• Search intensively for available models and involve the respective contact persons.
• Learn about the discovered models and what answers they can provide on their own,

explore if useful combinations of the discovered models can improve the answers; if
this is the case, set up a model collaboration between those models.

• When a new model is needed, it is recommended to build it modularly and incorporate
already existing modules from other models (re-use of models/modules).

3. Features of BEFMs DairyWise and Farmdyn and the Nutrientenbalans Akkerbouw
(NA) Tool

The BEFMs Farmdyn and DairyWise focus on ex-ante assessment of the effects of
policies on trade-offs between economic and environmental impacts at farm level and
on farm management. These two BEFMs, available in Wageningen Research (WR), are
often used for farm level policy assessments. DairyWise gives a detailed and integrated
description of biophysical and economic processes on dairy farms by means of simulation,
including feeding, animal production, fertilisation, plant production, and environmental
emissions. Based on a combination of farm-specific and normative input values, e.g., related
to feeding at nutritional requirements, it calculates economic and technical indicators. By
default, DairyWise assumes fertilising at legal application standards (N in manure, total
N from manure and fertilisers, total phosphate in manure and fertilisers). Strengths and
weaknesses of a farm can be detected, and consequences of changes can be assessed based
on the calculated technical and economic indicators, e.g., differentiation from defaults as
fertilising at legal application standards. Unlike Farmdyn, N and P excretion per animal is
endogenous in DairyWise as a function of the nutrient content of the feed ration. DairyWise
can be used for integrated scenario development and evaluation by scientists, policy makers,
extension workers, teachers, and farmers.

Farmdyn is a profit maximising, mixed-integer programming, bio-economic model
at the individual farm level, simulating a farmer’s decisions regarding agricultural pro-
duction and investments in a comparative static or dynamic setting on specialised and
mixed arable and dairy farms, beef cattle and pig farms (Farmdyn delivers a template for
different types of farms. Currently, the templates for beef and pig farms are not developed
for the Netherlands). The crop list includes all arable and horticultural crops that are
relevant for the EU and Dutch arable sector, including silage maize and different grassland
management options (e.g., grazing intensity, cutting frequency, and fertilisation levels).
Just like DairyWise it includes details regarding production, income, investments, and
emissions on farms. Regarding economy, the model can be used in different ways. In
the dynamic setting, Farmdyn gives a time path of yearly results explicitly accounting
for multiple period production, investments, financial constraints, and farm liquidation.
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However, in this study, we will apply the comparative static version, with revenues and
costs for one period only.

The NA is a simulation tool developed for the calculation of N and P surpluses on an
arable farm based on the cropping plan, crop yields and the fertilisation of the crops [22].
The motivation for the development of the NA was the demand of arable farmers for a tool
to proof that a farm is eligible for applying farm specific application standards for N and P.
In addition to the N and P surpluses, the NA calculates the fate of the N surplus (in forms
of NH3, NO3, N2O, N2), the organic matter supply, and the GHG-emissions. Initially, the
NA tool was developed as a registration instrument, but it also offers the possibility to do
simulations regarding farm management adjustment (e.g., changing the fertilisation (type,
amount, and application method) and cropping plan, inserting catch crops).

Model content features of the selected BEFMs and the NA tool are summarised in
Table 1 and described in more detail in Appendix A. Table 1 shows that both DairyWise and
Farmdyn include various farm management measures (technologies) for key activities on
the farm (e.g., feeding and fertilising). For the DairyWise and Farmdyn model collaboration,
it is important that nutrient excretion per animal is endogenous in DairyWise, while
Farmdyn can determine the optimal N from mineral fertilisation given the tax. Circular
agriculture aspects and indicators covered by the BEFMs and the NA tool comprise the
use of external inputs (e.g., mineral fertilisers, concentrates, and crop protection agents),
nutrient and GHG emissions, economy, organic matter supply, and share of permanent
grassland. This is rather incomplete compared to the conceptual model as described in [2].

Table 1. Comparison of selected features of the BEFMs and NA tool.

Model DairyWise Farmdyn NA

Model type Simulation Optimisation Simulation

Max. no. of crop and animal activities Limited to dairy and forage crops

Dairy, beef and pigs, case specific
number of grassland activities,

maximum 33 arable and horticultural
crops.

45 arable and horticultural crops

Feed constraints Energy, protein, min/max shares of
feed ingredients

Energy, protein, min/max shares of
feed ingredients N.A.

Fertilising constraints

Fertilising at legal application
standards (default) but adjustment is

possible. Different manure application
methods

Fertilising lower or equal to legal
application standards. Different

manure application methods

Type and dose of manure and
fertiliser, application method
(broadcast/row application)

Grassland management Grassland calendar, i.e., planning of
grazing and cutting, at field level

Different grassland options for
grazing and silage with different N
intensity levels and number of cuts

per ha grassland

N.A.

Nutrients excretion per farm
Depending on excretion per animal

based on feed ration and number and
composition of the animal herd

Depending on number and
composition of the animal herd, fixed
excretion figures independent from

feed ration

N.A.

Crop rotation
No, just share of land use and age of
grassland before conversion to arable

land and vice versa

Fixed acreage of arable land and
grassland. Yes

Temporal resolution Year Year, month Year

Behavioural aspects
Feeding at nutritional requirements
and fertilising at legal application

standards

Maximisation of revenue minus
variable costs and depreciation. More
complexity in dynamic and stochastic
mode possible. Several decision rules

for risk utility possible

Implicitly accounted for in the
fertilisation registration on the farm

Environmental Policy representation and indicators
Nitrate and Water framework

directive Yes Yes Yes

Economic policies (CO2 pricing, taxes) No Yes No

Environmental indicators NH3, CH4, N2O, CO2, GWP *,
nutrient balance NPK

NH3, CH4, N2O, CO2, GWP *,
nutrient balance NPK N and P balances

* GWP: Global Warming Potential.

4. Model Collaboration between DairyWise, Farmdyn and the NA Tool: Methodology
and Baseline and Scenario Results

In this paper, the model collaboration between Farmdyn and DairyWise covers all
three aspects: alignment and harmonisation of models (e.g., alignment of input data, e.g.,
N-response curve and scenario definitions), comparison of models (comparison of baseline
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and scenario results), and integration of models (connecting environmental impact module
from DairyWise to Farmdyn).

Model collaboration between Farmdyn and NA covers two aspects: alignment and
harmonisation of models (input data, level of aggregation, and scenarios) and on integration
of models. Harmonisation of input data especially relates to base fertilisation of the crops.
The integration of Farmdyn and NA is based on one way data exchange as NA is completely
complementary to Farmdyn. Results of Farmdyn with respect to cropping plan and fertiliser
use are input to NA to model corresponding nutrient surpluses and emissions.

The circular agriculture scenario concerns a tax on mineral N fertilisers. The aim of
such tax is to reduce the use of mineral N fertilisers and to stimulate circular agriculture. The
costs of the tax at farm level can be compared to the costs to produce renewable fertilisers
from processed manure [30]. If legally allowed, renewable fertilisers from processed
manure could replace the mineral fertilisers (see Section 4.3).

The main difference between simulation (DairyWise) and optimisation (Farmdyn)
models is that the first provides an explicit recommendation for action in a certain economic
scenario, for example, the optimal input of mineral N fertilisers in a situation with a tax on N
from mineral fertilisers. Profit maximisation is most often used to find this optimal solution;
however, alternative objective functions—e.g., risk preferences, specifying a minimum
income or maximum emission levels—are possible as well. Simulation models allow users
to assess how a system responds to a specific change of farm management and to better
understand how it operates (Simulation models like DairyWise are used in experiments
with farmers to detect the behaviours of farmers. Subsequently, it can be applied in a model
for optimisation purposes. This is another form of model collaboration, but it is rather
expensive). DairyWise is not able to directly analyse responses to changes in input prices,
but can include behavioural aspects via input from, e.g., farmers, experts, other researchers,
literature, or other models. Harmonisation of DairyWise and Farmdyn especially concerns
harmonising the slope (yield changes per kg N reduction) and the possible range of the N
input from mineral fertilisers per ha grassland. DairyWise allows endogenous change in
N and P excretion per animal from changes in feed regimes and fertilisation, while this is
exogenous in Farmdyn. For reason of consistency of environmental impacts and because
of the detailed modelling of processes and emission sources, the environmental impact
module from DairyWise is connected to the economic results from Farmdyn. This can be
seen as model integration.

Results of model collaboration between DairyWise and Farmdyn are discussed in
Section 4.1. Section 4.2 discusses model collaboration between Farmdyn and NA. Section 4.3
gives a discussion of the results.

4.1. Model Collaboration between DairyWise and FarmDyn: Baseline and Scenario Results

Table 2 gives basic statistics of a representative dairy farm on sandy soil in the Nether-
lands as calculated from the Dutch FADN database. A more detailed description of basic
inputs can be found in Table A1 in Appendix B.

Table 2. Basic characteristics of a representative dairy farm on sandy soils in the Netherlands (Source:
own calculations from Dutch FADN, average of bookkeeping years 2017 and 2018).

Parameter Unit Value

Animals Number 94 cows, 31 calves and 29 heifers
Milk production kg/cow per year 8600
Animal housing Cubicles and slatted floor

Manure type 100% slurry
Total pasture area ha 37

Total silage maize area ha 9
Grassland use system Combined grazing and mowing
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Milk production per cow was considered as an exogenous parameter in both Farmdyn
and DairyWise with an average milk production of 8600 milk per cow per year. Manure
(100% slurry) was applied on the grass and maize land to a maximum allowed level of
230 kg N per ha. In DairyWise, additional mineral N fertiliser was applied according to
legally allowed levels.

4.1.1. N Response Curve for GRASSLAND

Figure 1 shows the response on mineral fertiliser N for a situation with a manure N
rate of 270 kg manure N per ha grassland (applied slurry and excreted during grazing;
situation in the baseline and scenario) for DairyWise. For the baseline, the effective N from
manure and mineral fertiliser (about 215 kg N per ha) was 32% lower than the calculated N
demand (315 kg N per ha, based on national fertiliser recommendations) [31]. The grassland
N response relationship in DairyWise is used as input in Farmdyn to parameterise the
relationship N input and grassland yield for the different grassland management options in
Farmdyn. Consequently, this mimics the slope of DairyWise (Figure 1). Grassland yield in
DairyWise refers to the field net yield, including feeding and storage losses and excluding
field losses and the grassland yield in Farmdyn refers to feed intake, excluding feeding,
storage, and field losses. Based on these response relationships and the price ratio between
produced grass and mineral N fertiliser, Farmdyn calculates the optimal mineral fertiliser
N rate, respecting the legally allowed levels of N from animal manure and total N from
animal manure and mineral fertiliser.
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Figure 1. The response of mineral N fertiliser rate on grass yield for Dairy Wise and the economic
optimal N input per ha grassland in the baseline (131 kg N per ha) and scenario (113 kg N per ha) in
Farmdyn. Grassland yield from DairyWise includes feeding and storage losses and excludes field
losses (net yield removed from the land); grassland yield from Farmdyn excludes feeding, storage,
and field losses (feed intake).

4.1.2. Baseline Comparison

Comparing the baseline results of DairyWise and Farmdyn (Appendix B) showed
almost similar figures for most of the studied parameters. Farmdyn assumes a legal allowed
maximum of 250 kg N from animal manure per ha per farm as is the case on dairy farms
with derogation in the sand regions in the North of the Netherlands. DairyWise assumes
a maximum of 230 kg N per ha per farm—270 kg N per ha on grass (including N from
pasturing) and 60 kg N per ha on maize—as is the case on dairy farms with derogation in
the remaining (mid and south) sand regions in the Netherlands. The lower fertilisation
rate of silage maize in DairyWise is explained by the crop rotation of silage maize with
grass and the extra mineralisation from the incorporated grass sward. Other differences
are, e.g., grass yield, consumption of grass silage by the herd, crude protein content in
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purchased concentrates, and excretions of N and P by the herd. These differences are in
some cases related and can be explained by the different data sources and approaches and
calculation methods and rules applied in DairyWise and Farmdyn. For our purposes, it is
important that mineral N input per ha grassland in DairyWise (135 kg N per ha grassland)
is about equal to the economic optimal N input per ha grassland in Farmdyn (131 kg N per
ha grassland). Since different grassland management options are available in Farmdyn and
there are some restrictions for grass production, exact calibration was impossible. In this
respect, it is also important to note that in DairyWise in the baseline scenario, part of the
grass output is sold outside the farm. Contrary to this, Farmdyn assumes no market for
grass output for this representative dairy farm.

4.1.3. Scenario results; Economic impacts from Farmdyn

The results showed that applying the ‘100% tax on N from mineral fertiliser’ scenario
lowers the use of mineral fertiliser by 18 kg N per ha (from 131 to 113), which is equal
to 14%. As a result, the price elasticity of N from mineral fertiliser for this farm is −0.14:
14 percent decrease in use of N from mineral fertiliser divided by 100% increase in price of
N from mineral fertiliser. Farm income decreases with about 4500 Euro or about 8% of the
farm income in the baseline (55,000 euro). The decrease in income is caused by 3400 Euro
of increased costs of mineral fertiliser (due to the imposed tax) and about 2400 Euro of
increased costs of concentrates (to compensate for the lower feed production). A part of the
high costs can be saved by, e.g., less application of machinery for cultivation of grass (less
cuts, lower frequency of mineral N application). This cost saving is around 1300 euro. With
the assumption that in-farm management will be the same and equal amounts of mineral
fertiliser will be used at a 100% higher price, the reduction in the income would be around
4600 euro.

4.1.4. Scenario Results: Technical and Environmental Impacts from DairyWise

Based on separate calculations regarding reduction of the N fertilisation in DairyWise,
it became clear that by adapting the N regime to 60% of the optimal N fertilisation level,
the optimal situation (after implementation of the tax) can be achieved in Farmdyn. Table 3
represents the technical results and environmental impacts calculated by DairyWise. Re-
ducing the mineral N application lowered the grass yield (before losses during feeding and
storage, but after field losses) from 12,223 kg to 11,663 kg dm per ha. This reduction in the
grass yield can be explained by the reduction of mineral N application. Results showed the
reduction of ammonia emissions from barns and manure storage facilities (from 1454 kg to
1373 kg NH3 per farm per year). Similar reductions were observed for other NH3 emission
sources (like grazing and manure application). The reduction in N regime also caused
lower N and P in animal excretions and lower nitrogen surpluses at soil and farm levels.
The reduction in N surpluses was higher at farm level. Differences in GHG emissions are
presented in Table 3. A small reduction in GHG emissions for the alternative scenario was
seen. Given the fact that applying lower N application on grassland results in lower grass
yields, additional maize and concentrates need to be purchased to fulfil. The purchased
feeds increased the GHG emissions. On the other hand, less imported mineral fertilizer
results in reduction of the total GHG emissions. Additionally, GHG emissions related to
enteric fermentation were slightly diminished by the lower N-regime as feeding maize
silage results in lower enteric fermentation compared to feeding grass silage. Therefore, a
lower methane level was reported for this scenario. Finally, GHG emissions related to feed
production were lower for the alternative scenario with less mineral N application. When
all is summarized, total GHG emission were slightly lower with lower N-regimes.
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Table 3. Model results from DairyWise for a simulated dairy farm on sandy soil at two different N
fertiliser levels.

Item
N Regime in Percent of Agricultural

Optimum

Baseline (68%) Scenario (60%)

Effective 1 N supply
grassland

Total kg N/ha/year 213 185

Animal manure kg N/ha/year 78 78
Mineral fertiliser kg N/ha/year 135 107

Grass yield 2 kg dm/ha/year 12,223 11,663

Ammonia emissions From barns + animal manure
storages kg NH3/farm/year 1454 1373

From grazing kg NH3/farm/year 110 103
From animal manure and fertiliser

application kg NH3/farm/year 882 851

Total NH3 emission kg NH3/farm/year 2445 2328
Total NH3 emission kg NH3/ha/year 57 54

Excretions
N before deduction of any NH3
emissions (whole herd including

young stock)
kg N/farm/year 14,258 13,787

P (whole herd including young
stock) kg P2O5/farm/year 5469 5357

N surplus N farm surplus kg N/ha/year 158 148
P farm surplus kg P2O5/ha/year −8 −4

GHG emissions From rumen fermentation g CO2 eq/kg FPCM 511 509
From animal manure storage g CO2 eq/kg FPCM 137 137

From feed production g CO2 eq/kg FPCM 91 87
From energy resources g CO2 eq/kg FPCM 50 50

From imports g CO2 eq/kg FPCM 334 326
Total allocated to milk production g CO2 eq/kg FPCM 1123 1109

Total before allocation g CO2 eq/kg FPCM 1399 1382
1 Plant available N from manure and mineral fertiliser. 2 Yield after harvest losses, before conservation and
feeding losses.

4.2. Model Collaboration between Farmdyn and NA: Baseline and Scenario Results

To apply Farmdyn and NA, a representative ware potato farm was selected. Ap-
pendix C shows input data used and assumptions. The farm was on clay soils in the
Netherlands, which was calculated from the Dutch FADN database (bookkeeping year
2017). Farmdyn calculates under restrictions the optimal crop acreage (ha), yield per crop
(tonnes per ha), animal manure and mineral fertiliser input per crop (kg N and P2O5 per
ha; Table 4). These outputs of Farmdyn can directly be used as input in NA to calculate
GHG emissions, N and P surpluses, the fate of the N surplus, and organic matter supply.
Many of these parameters are also approximated by Farmdyn, but the NA gives a more
detailed picture. In this case, harmonisation especially means checking whether effective N
and P supply per crop per ha and the use of animal manure per ha (farm level) in Farmdyn
align with the legally maximum allowed N and P application standards in NA. As for the
dairy farm, a baseline and a scenario with a tax on N from mineral fertiliser were compared.
For the dairy farm, a tax level of 50% was taken instead of the 100% on the dairy farm.
Applications with Farmdyn in de Koeijer et al. [30] showed that on dairy farms, a higher
tax is needed to realise a comparable impact than on arable farms. This is due to the fact
that the economic effect of a reduced mineral N rate is stronger on an arable farm than on a
dairy farm. Table 4 shows that average farm income of ware potato farms on clay soils was
about 40,000 Euro over the period 2013–2017.
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Table 4. Specification of a representative ware potato farm on clay soil in the Netherlands in base and
in scenario with 50% tax on mineral fertiliser.

Parameter Base 50% Tax on N from
Mineral Fertiliser

Total acreage 61 61
• Winter wheat 23 23
• Ware potato 19 19
• Sugar beet 9 9
• Onions 10 10

Crop yields
• Winter wheat 9.5 9.2
• Ware potato 52.1 52.1
• Sugar beet 104.1 103
• Onions 52.9 52.9

Fertilisation
• Animal manure

# N, kg/ha 65 65
# P2O5, kg/ha 39 39

• Mineral fertiliser
# N, kg/ha 167 144
# P2O5, kg/ha 17 17

Farm income (Euro) 40,000 1 36,000
1 Average over period 2013–2017. Calculated from Dutch FADN; Source: calculations with Farmdyn.

4.2.1. Farmdyn

Table 4 shows that the imposed tax on mineral N fertiliser did not affect the optimal
crop composition on the arable farm. The mineral N fertiliser decreased with 23 kg N per
ha due to a lower N supply on winter wheat and sugar beets resulting in a somewhat
lower crop yield (Table 4). For these crops, the financial saving on mineral fertiliser exceeds
the loss in crop revenue. As the yield response on N fertilisation is quite weak, only
minor effects on crop yield were calculated. The manure supply was the same for the two
scenarios, based on the legislation regarding maximum amount of N and P from animal
manure per ha per crop.

The tax scenario reduces mineral fertiliser N input with about 14%. For the arable
farm, a price elasticity of mineral fertiliser N of −0.28 was calculated: 14 percent reduction
of mineral N fertiliser divided by a 50% higher price of the mineral fertiliser.

Income loss due the 50% tax on mineral fertiliser is about 4000 euro, or about 10% of the
average farm income in the base (Table 4). This income loss results from a lower financial
yield of about 1500 Euro and higher costs of mineral fertiliser of about 2500 Euro (due to the
tax) resulting in an income loss of 4000 Euro. When no changes in crop management were
done, the tax would have caused an income loss of about 4330 Euro. so only about 330 Euro
more than with farm management changes included. This relatively small difference
show that price measures have a limited effect on the use of mineral N fertilisers. Further
innovations in nutrient and crop management that increase N efficiency—e.g., precision
technology, varieties with higher N efficiency, more green manure crops, legumes—may
also help to decrease mineral fertiliser demand, but it is questioned whether these measures
are always economically feasible.

4.2.2. Nutriëntenbalans Akkerbouw (NA)

In Table 5, the outcomes of the calculations with the NA tool are presented. The
tax scenario reduced the N surplus with 15 kg N per ha. The NH3 emission increased
somewhat due to the fact a larger part of the animal manure was applied on winter wheat.
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This increases the risks of NH3 emission as the manure is applied more superficially on
winter wheat.

Table 5. N and P2O5 surplus, NH3-N emission, effective organic matter supply, and GHG emissions
of the two scenarios (base and fertiliser tax) for the arable potato farm on clay as calculated by the
NA tool.

Parameter Base 50% Tax on N from Mineral
Fertiliser

Nutrient surpluses

• N surplus, kg/ha 83 68

• P2O5 surplus, kg/ha −11 −8

NH3-N emission, kg/ha 13 14

Organic matter:
Effective organic matter 1

supply (kg/ha)
1810 1810

GHG emissions:

• Total (kg CO2 eq/ha) 2
2941 2730

# CO2 direct 601 601
# CO2 indirect 906 783
# N2O direct 1307 1230
# N2O indirect 127 116

1 Applied organic matter (organic manure, crop residues) that is still present after one year. 2 CO2 direct: fuel
consumption; CO2-indirect: fertiliser use; N2O direct: use of N in manure and fertiliser and N in crop residues;
N2O indirect: resulting from NH3 and NO3 emission.

Most of the effective organic matter (EOM) supply is coming from crop residues
(1515 kg EOM per ha) and only a minor part comes from the manure (265 kg EOM per ha).
The tax measure did not change the EOM supply.

The total amount of GHG emissions of the arable farm in the base scenario is about
2900 kg CO2 eq per ha. About 45% of the emission comes from CO2 emission and about
55% from N2O emission. The tax measure decreases the GHG emissions with about 200
kg CO2 eq per ha caused by a lower mineral N fertiliser use, affecting the indirect CO2
emission and the direct N2O emission.

4.3. Discussion and Conclusion of Baseline and Scenario Results

Comparing the baseline results of DairyWise and Farmdyn (Appendix B) showed
limited differences between key model output parameters. However, substantial differences
were observed for some parameters such as the grassland yield and grass silage use by the
herd. Full understanding of above-mentioned differences in model outcome is difficult
because processes of grassland management, fertilising, and feeding are modelled in a
different manner. As noted by Hutchings et al. [12], full understanding of differences
between model outcome requires detailed model knowledge of all models involved. For
our model collaboration purposes and scenario, the most important part was the calibration
of the implicit N response curve from Farmdyn to the N response curve in DairyWise.

Regarding the tax on N from mineral fertilisers, it was found that income effects
are relatively large, while the impacts on various environmental indicators are relatively
limited. This is especially true for dairy farms. The decrease in N surplus on the average
dairy farm equals about 10% against about 18% on the average ware potato farm. At the
same time, the scenario assumes a tax on N from mineral fertiliser that is twice as high on
dairy farms as compared to the ware potato farm. The GHG emission reduces with about
1% and 7% on the average dairy farm and ware potato farm, respectively.
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Moreover, from literature it is known that that the percentage change in use of N from
mineral fertiliser per percentage change in price of N from mineral fertiliser, the so-called
price elasticity of N from mineral fertiliser is very low in agriculture, especially in the
short run [32]. According to Sud [32], this is explained by “lack of knowledge regarding
alternative practices amongst farmers, strong risk aversion tendencies, behavioural factors
and lack of alternatives”. Basically, substitution between nutrients from animal manure
and mineral fertiliser is not possible on dairy farms that have to transport their surplus
manure to other farms due to the manure legislation. Farms that are able to import manure
on their farm such as, e.g., arable farms and extensive dairy farms, are paid for supplying
manure application room. Therefore, also on these farms the available manure application
room is limited or limited by agronomic restrictions, e.g., regarding the amount of animal
manure that can be applied on onions and sugar beet.

Especially for the dairy farm, the impact of the tax on use of N from mineral fertilisers
is very sensitive to slope and range of the implicit N response curve in Farmdyn. Grassland
management measures to achieve the same protein and/or dry matter yield with lower N
input might be applied to dampen the income effect of the tax. As an example, protein yield
could be increased by early harvesting of silage grass or more clover in the grassland. These
changes in farm management practices might increase production costs (early harvesting
of grass silage) and/or decrease grassland yields (more clover in grassland).

Use of innovative precision farming technologies enables increased efficiency of the
fertilizers. These technologies and related investments are quite costly. Adoption of such
economy of scale investments would be stimulated by structural change with farms exiting
the sector and corresponding growth of continuing farms. This is, however, a slow process
among others explained by the concept of sunk costs in agricultural production [33].

The costs of the tax on farm level can be compared to the costs to produce renewable
fertilisers from processed manure. When legally allowed, renewable fertilisers from pro-
cessed manure could replace the mineral fertilisers. A study from de Koeijer et al. [30]
shows that the costs to produce renewable fertilisers is equivalent to 100% tax on mineral
fertilisers. In addition, the substitution will be limited because of the limited availability of
renewable fertiliser from processed manure [30].

5. Model Collaboration: Governance and Networking

DairyWise, Farmdyn, and the NA tool are developed and used by different groups
within WR, respectively Wageningen Livestock Research (WLR), Wageningen Economic
Research (WEcR), and Wageningen Plant Research (WPR). The cooperation between these
institutes and models has been made possible within the Knowledge Base (KB) theme
‘Circular and Climate Neutral Society’ of WR. A four-year project called ‘Transform current
linear primary production chains into production cycles (Subtheme 2A-4): Models Across
Scales’ was established in 2019 within this KB to support the transition to a circular agri-
culture. The objective of this project was the development of an integrated set of models
and tools (i.e., a toolbox), accounting for scales (of closing cycles), various aspects and
indicators focussing on primary agricultural production. This toolbox should be used for
monitoring and integratedly assessing policy scenarios for increased circularity with the
aim to support farmers, policy makers, and other stakeholders including other researchers.
The project offered the possibility to bring together networks of farm level model and tool
developers and users from different institutes and with different backgrounds, objectives,
programming languages, and IT solutions. Given the overlap between BEFMs and the
current governance and economic incentive structures, this would normally not happen
under the condition of competitive budgets [34].

The KB project mentioned above is actually an example of good model governance
and networking [3,34]. It opens the possibility to broaden the use of the models in the
network by re-using existing tools and to exploit the potentials of harmonisation of data and
modules and shared maintenance and development of new modules within a larger user
community. To extend this type of model collaboration to other regions, used models need
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to be adapted or other models need to be applied to fit local circumstances. According to
Britz et al. [34], a network of farm models and tools should enable users and developers to
accumulate domain knowledge in building, parameterising, and applying the collaboration
between the models. Britz et al. [34] point at the importance of defining (i) the thematic
domain of the network, (ii) common standards as software engineering rules and, (iii)
actions of the network, e.g., give directions to which farm model enhancements are best
suited to the farm models in the network. Equally important is that the network stimulates
innovation and educates new staff that engage in joint activities and discussions, help each
other, and share information [34].

6. Conclusions and Recommendations

The main objective of this paper was to investigate model collaboration between
different BEFMs and a tool focussing on emissions from arable farming to broaden the
scope of an ex-ante analysis of scenarios related to circular agriculture at farm level. A
baseline calculation and scenario with a tax on N from mineral fertiliser was analysed to
demonstrate a possible policy measure to enhance circular agriculture and to demonstrate
the usefulness of model collaboration at farm level.

Challenges of model collaboration are among others overlapping modules, different
approaches (optimisation versus simulation) and existence of different networks of model
developers and users. A good example is the overlap between DairyWise and Farmdyn.
We discovered complementarities, e.g., regarding more detailed grassland management
modules in DairyWise or the suitability to analyse economic policies as taxes and sub-
sidies in Farmdyn. Model collaboration allows exploiting these complementarities, e.g.,
including response curves from DairyWise in Farmdyn. In this case, we harmonised the
N-response curves.

Model collaboration is also a manner to validate the model outcomes. When compar-
ing the results of DairyWise to Farmdyn, it became clear that model results differed due to
differences in input parameters, e.g., emission and feed content parameters.

Farm models and collaboration between farm models are important tools for ex-ante
policy assessment at farm level. To increase the network of model developers and users it
is recommended to invest in model documentation and tools to transfer knowledge to new
model users. To further foster model collaboration between different models and a growing
number of users, a governance structure and networking is needed. A meta-platform
beyond the level of individual models to answer more complex questions and to permit
broader and cross-cutting assessments, could serve these purposes.
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Appendix A. General Description of Selected BEFMs and the NA Tool

Appendix A.1. Farmdyn

Farmdyn is a bio-economic, mixed-integer programming model at individual farm
level that simulates a farmer’s decisions regarding agricultural production and investments
in a comparative static or dynamic setting [7,35]. The model was developed at the Univer-
sity of Bonn and is primarily used for the analysis of farm-level responses to various envi-
ronmental and policy scenarios, using data on farm structure, machinery, buildings, animal
feed rations, etc., available in a German context. Farmdyn is used at Wageningen Economic
Research since late 2018 and is adjusted stepwise to Dutch conditions by exploiting informa-
tion available from data sources like the Dutch Farm Accountancy Data Network (FADN)
or quantitative information on farming operations (management handbook Quantitative
information (-Kwantitatieve Informatie Veehouderij (KWIN-Veehouderij)) [36,37]), such
that it becomes applicable to analyse representative or individual arable and dairy farms in
the Netherlands.

Appendix A.2. General Description (Taken from [34])

Farmdyn allows simulating optimal farm management and investment decisions
under restrictions such as prices, technology, or policy instruments for arable and dairy
farming systems. Farm branches and other biophysical processes such as feeding and
fertilisation, and fertiliser and animal manure policy restrictions can be added in a modular
fashion to the core model. The model is capable of running every individual (dairy and
arable) farm in the Dutch FADN, using farm specific financial-economic and technical
data (e.g., input and output prices, crop yields, and milk production per cow). Number
of operations per crop, field operation per period, labour hours per operation, machinery
need for the different operations and prices, life span and maintenance costs of machineries
are taken from KWIN.

In case of dairy farms, the model differentiates among others by grazing share of
the cows and differentiated grassland management options. Feeding requirements for
the dairy herd capture a cost minimal feed mix from own produced fodder and different
types of concentrates at given requirements per head (energy, protein, dry matter) for
each cattle herd. The default Farmdyn setting allows defining up to 10 different types of
grassland management options by the following attributes: 1. Total dry matter output
and nutrient content of grass, 2. Level of effective nitrogen input from animal manure and
mineral fertiliser, 3. Distribution of fresh grass and grass silage over months, 4. Number of
cuts (only applicable for grass silage). The different types of grassland management each
produce three types of fresh or silage grass (early, middle, and late). Production of early
silage grass requires more cuts per year. In this paper the allowed types of grassland and
the corresponding dry matter output and the total level of nitrogen input are harmonised
with DairyWise. Roughage can be exported from the farm or imported. A module describes
in detail the measures of the Dutch Nitrate and Water Framework directive. Farmdyn
allows experiments with different animal manure types and related storage and application
chains. Animal manure can be used on the own farm or exported from the farm. Animal
manure import is allowed as well.

The cropping module optimises the cropping pattern subject to land availability,
reflecting yields, prices, machinery and fertilising needs, and other variable costs for a list
of arable crops. Crop rotational constraints are included as maximal shares. The crops
can be differentiated by tillage (ploughing, minimal tillage, no tillage) and intensity level
(normal and reduced fertilisation in 20% steps). Operation and machinery data are taken
from above mentioned management handbooks.
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Appendix A.3. DairyWise

DairyWise [6] is an empirical simulation model that simulates the technical, envi-
ronmental, and financial processes of a dairy farm. Technical and economic indicators
are modelled by a combination of farm-specific and normative input values. Strengths
and weaknesses of a farm can be derived from these technical and economic indicators,
and effects of changes can be assessed. DairyWise has been used by scientists, policy
makers, extension workers, teachers, and farmers for developing and evaluating integrated
scenarios.

Appendix A.4. General Outline

DairyWise integrates all the main subsystems of a dairy farm into a farm model [6].
The requirements of the herd, calculated by the DairyHerd model, and the supply of
homegrown feeds, calculated by crop models for grassland and corn silage, are balanced
by the FeedSupply model, which is the central component of the model. The results of
the FeedSupply model are fed into several technical, environmental, and economic sub-
models. These sub-models simulate several issues, like cycling of N and P, leaching of
NO3

−, emissions of NH3 and GHG, energy use, and financial results. The main output is a
farm plan that describes all material and nutrient flows, as well as ecological and economic
consequences.

DairyWise is a farm level model that includes the dairy cattle and young stock herd,
home-grown grass, maize, as silage or corn cob mix (CCM), triticale, lucerne, and fodder
beets. Imports of feed, animal manure, and mineral fertiliser and exports of grass, crops,
milk, meat (live animals), and animal manure can be included in the model. Animal feed
requirements, milk, meat and manure production, and crop growth are modelled.

Depending on the data availability, DairyWise can be run with different levels of detail
in its inputs. Minimally, one should provide animal numbers and data on feed land and
crop management, and some additional variables. For each category, there is an option to
elaborate the inputs and change default values.

As explained previously, DairyWise consists of various models. GrassGrowth [38,39] and
maize models [40] are used as crop models. The animal models consist of a DairyCow [41],
YoungStock, and DairyHerd model [42]. The FeedSupply model balances the energy and
protein requirements of the herd with the supply from homegrown and imported feeds.

Next to the mentioned models, DairyWise performs several additional calculations on,
e.g., nutrient cycling, energy use, GHG emissions, and economic parameters.

DairyWise output encompasses, among other things, data on economic performance,
feed supply, nutrient cycling, mineral and energy balances, GHG emissions, labour demand,
and consequences of animal manure policies. Some outputs are based on the “Annual
Nutrient Cycle Assessment” [43] (in Dutch: “KringLoopWijzer Melkveehouderij” (KLW))
calculations.

Appendix A.5. Nutriëntenbalans Akkerbouw

With the Nutriëntenbalans Akkerbouw (NA), N and P surpluses on an arable farm
can be calculated. Required input data for the tool comprise the crop composition, crop
production levels, and the nutrient supply with manure and mineral fertilisers [22]. The
reason for developing the tool was the demand to be able to prove the need for farm specific
legal allowed N and P fertilisation levels (application standards). The current legal levels
refer to an average animal manure use and average crop production levels. Farmers with
high crop production claim that a higher nutrient supply is necessary in order to keep the
crop production at a high level. The NA can potentially be used for validating this claim.
In addition to the nutrient surpluses, the NA also calculates the fate of the N surplus (via
NH3, NO3, N2, N2O), the GHG emissions (CO2 and N2O), and the organic matter supply.

The NA comprises a registration module and a forecast module. The registration
module calculates the nutrient surpluses based on the fertilisation and crop production data
for a specific year. With the forecast module the effects of changing the farm management
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can be explored, e.g., changing the crop composition, insertion of green manure crops, or
adjusting the fertilisation.

Limitations for the use of NA are:

• The tool is made for arable farms. Besides arable crops, also a limited number of
vegetables and flower bulb crops often grown on arable farms, are included, but grass
is excluded.

• The calculation of surpluses is limited to N and P.
• The calculations only comprise nutrient emission indicators, organic matter supply,

and GHG-emissions. Economic indicators are excluded.

Per crop/field the data for nutrient supply and crop production levels are needed.
Data regarding nutrient supply refer to dosage, timing, and method of application, both for
organic and mineral fertilisers. For organic fertilisers the N (total N and NH4-N), P, and
organic matter contents are needed. If not available, default values can be chosen.

Next to fertilisation and crop production data, a couple of soil parameters are needed:
organic matter content and P soil content.

Appendix B. Characteristic (Input Data) of Representative Dairy Farm on Sandy Soil
and Baseline Comparison of DairyWise and Farmdyn

This appendix describes the characteristics of the representative dairy farm on sandy
soils and a baseline comparison between the model outcomes of Farmdyn and DairyWise.
Table A1 shows the characteristics as taken from the Dutch FADN database and averaged
to the representative dairy farm on sandy soil. The predominant crop on the farm is grass
used for grazing or ensilaging. In addition to grass production, 9 ha of land is under
maize cultivation.

Table A1. Characteristics of representative dairy farm on sandy soil.

Parameter Unit Farm

Number of dairy cows Number 94
Replacement rate of dairy cows % 30

Soil type of grassland Sandy soil
Ground water level for grassland V
N yielding capacity of grassland kg/ha 138
Grassland renewal percentage % 10

Total pasture area Ha 37
Pasture area for dairy cows Ha 26

Pasture area for calves Ha 4.4
Pasture area for heifers Ha 6.6
Total silage maize area Ha 9
Soil type of maize land Sandy soil

Ground water level for maize land VI
Number of years in rotation for maize Year 5
N yielding capacity for silage maize kg/ha 138

Catch crop for silage maize Yes
Type of catch crop Grass

Total own area Ha 30
Total lease area Ha 16

Fat percentage of milk % 4.42
Protein percentage of milk % 3.56
Lactose percentage of milk % 4.51

P content of milk mg P/100 g 97
Milk production kg/cow per year 8600

Grassland use system B
Additional roughage in summer kg dry matter/cow/day 6

Barn type—dairy barn Barn with cubicles and
slatted floor
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Table A1. Cont.

Parameter Unit Farm

Animal manure storage under barn Month 3

Barn type—young cattle barn Barn with cubicles and
slatted floor

Animal manure storage under young
stock barn Month 3

Type of animal manure storage outside
the barn Silo

Content of animal manure storage
outside the barn m3 1000

Slurry application method on grassland Shallow injection
Slurry application method on silage

maize Injection

P rights kg P2O5 4000

A selection of baseline results of Farmdyn and DairyWise are shown in Table A2.
Model outputs are classified in different categories including herd characteristics, feed use
by herd, and mineral and organic fertilisation. Parameters are identified as endogenous (Y,
result of modelling) or exogenous (X, input by the user) parameters. Full understanding
of differences of results between DairyWise and Farmdyn is difficult because of different
feed-back loops within the models. This is also noted by Hutchings et al. [12]. Important
differences can be explained by for example different modelling approaches (optimisation
versus simulation), different modelling of grassland management, and feed requirement of
the dairy herd. One substantial difference between the outputs of these two models was the
amount of concentrate in the diet of the farm, where the yearly concentrate consumption
per farm was calculated to be 256,108 kg and 280,356 kg by Farmdyn and DairyWise,
respectively. This difference can be explained by the differences in energy and/or protein
content of other feed components such as fresh grass and grass silage. In other words, the
shares of feed components in the total diet are interdependent as the herd feed demand
is calculated based on the energy contents of feed components. Given the lower energy
content of fresh grass and grass silage, a larger value was calculated for the concentrate
requirement in the DairyWise model. In the mineral and organic fertilisation category,
similar results were obtained from both models. In case of grassland, higher applied N
from animal manure was reported in Farmdyn while in DairyWise, the N from mineral
fertiliser was higher.

Table A2. Characteristics of representative dairy farm on sandy soil.

Item Unit

Type of Parameter in the
Model (Endogenous
(Y)/Exogenous (X))

Farm

Farmdyn DairyWise Farmdyn 1 DairyWise

(A) Herd characteristics
Dairy cows # X X 94 94

Milk production kg/cow/year X X 8600 8600
Urea content mg/100 mL milk X Y 22 28

(B) Feed use by herd
Fresh grass kg dm/farm/year Y Y 134,420 165,819
Grass silage kg dm/farm/year Y Y 247,335 234,790
Maize silage kg dm/farm/year Y Y 130,617 130,784
By-product kg dm/farm/year Y — 29,610

Concentrates kg/farm/year Y Y 256,108 280,356
Energy content concentrates VEM/kg dm Y Y 1044 1073
Protein content concentrates g CP/kg dm Y Y 189 151.7
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Table A2. Cont.

Item Unit

Type of Parameter in the
Model (Endogenous
(Y)/Exogenous (X))

Farm

Farmdyn DairyWise Farmdyn 1 DairyWise

(C) Mineral and organic fertilisation
Grassland

Applied N from animal manure kg N/ha/year Y Y 2641 187
N from mineral fertiliser kg N/ha/year Y Y 131 135

Silage maize
Applied N from animal manure kg N/ha/year Y Y 193 59.6

N from mineral fertiliser kg N/ha/year Y Y 53 83
(D) Animal excretions

Nitrogen before subtraction of any
ammonia losses (whole herd including

young stock)
kg N/farm/year X Y 16,000 14,258

Nitrogen based on RVO-tables (4 and 6) kg N/farm/year X Y 13,383 15,077
Phosphorus (whole herd including

young stock)
kg

P2O5/farm/year X Y 4963 5469

Phosphate based on RVO-tables (4 and 6) kg
P2O5/farm/year X Y — 4884

1 Farmdyn includes excretion of N during pasturing. This is not included in applied N from animal manure in
DairyWise.

Appendix C. Farmdyn Representative Arable Farm Input Data and Assumptions

Based on technical-economic data of individual farms in the Dutch FADN (year 2017),
a representative ware potato farm on clay soil was constructed. This was done by using
cluster analysis. The total crop area of the farm is 61 ha. The crop composition plan and
the financial yield (crop yield × price) minus direct costs (e.g., seed, crop protection) per
crop as derived from the Dutch FADN (bookkeeping year 2017) are given in Table A3. The
fertilisation costs are not included but added later on.

Table A3. Crop composition and financial yield minus seed, crop protection and other direct costs
(Euro per ha) for an average ware potato farm on clay soil in the Netherlands, bookkeeping year 2017.
Source: Dutch FADN, bookkeeping year 2017.

Crops Share in Total Cropping
Area (%)

Financial Yield Minus Seed,
Crop Protection and Other
Direct Costs (Euro Per ha)

Winter wheat 27 1166
Ware potatoes 26 2786

Sugar beet 15 3881
Onions 12 3854

Grass seed 5 1206
Winter barley 4 848
Summer peas 3 1361

Arable root crops 2 −537
Remaining crops (seed

potatoes, maize silage, set
aside, arable vegetables)

3

Typically, this method of defining a representative farm leads to a cropping plan with
a large number of individual crops. In order to get a more realistic cropping plan, only
crops having a share of more than 7.5 percent in the total crop area were chosen for the
optimisation in Farmdyn. The applied procedure for optimisation mainly results in an
increase in the cropping share of winter wheat. Upper limits for cropping frequency are
included for the high margin crops individually. These upper limits are based on the
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range of observed shares in the cropping plan of the farms in the FADN. On top upper
limits are included for crop groups, e.g., the root crops. To enrich the income calculation,
costs for mineral fertiliser, animal manure, hired labour, and machinery costs (based on
machinery needs, prices, depreciation rates, and maintenance costs) are added in Farmdyn.
Machinery prices, depreciation rates, and maintenance costs are taken from management
handbooks. Output prices of arable products can strongly vary among years. Although
2017 is considered quite an average year for arable farms, prices of ware potatoes were very
low. Therefore, for baseline reasons, we use three-year average prices. Resulting prices
for the selected four crops in our cropping plan are presented in Table A4. Farmdyn also
allows including autonomous developments. In this study, it is important that we assume
a decrease of the price of sugar beet to the minimum price of 3.25 Euro per 100 kg. An
autonomous slight increase in cropping share of high margin crops is included as well.

Table A4. Three year (2015–2017) average price of selected arable products (Euro per 100 kg).

Crops Average Price (Euro Per 100 kg)

Winter wheat 16
Ware Potatoes 14.3

Sugar beet 4.2
Onions 11.6

For our purposes, especially the modelling of the nutrient needs and the crop yield
response to nutrient supply are important. Nutrient demands or input can be fulfilled with
nutrients from mineral fertiliser and from (animal) manure. The N supply per crop is based
on the legal allowance of N per crop per region per ha (see Table A5). These standards
apply to effective N, i.e., the amount that is available for crop uptake. In our study, we
assumed that the farm only uses pig manure containing 6.4 kg N and 3.8 kg P2O5 per m3.
For the effective N in the pig manure, the legal value of 60% of total N is taken. In the
Netherlands, arable farmers are often paid to accept animal manure, but the total manure
supply is limited by legislation (max 170 kg manure N per ha). To further control the
application of animal manure per crop, an upper limit of 120, 250, and 67 kg total N per
ha (from which 60% is assigned effective, see above) is included for winter wheat, ware
potatoes, and green manure crops, respectively. It is assumed that animal manure is not
applied to sugar beets and onions.

Table A5. N-advice/N application standards (effective N) for the selected arable crops on clay soils.

Crops Legally Allowed N-Supply (kg Effective N/ha)

Winter wheat 245
Ware potatoes 250

Sugar beet 150
Onions 170

Catch crop 60

For a number of crops, there is a difference between the P uptake and P demand. This
is accounted for. That is, for winter wheat, it is assumed that the P demand is low compared
to the P uptake. The P demand per ha per crop is assumed constant, independent of the
yield of the crop. Crop yield is assumed to be a function of the effective N demand or input.
The linear programming model Farmdyn distinguishes between five levels of N demand:
normal and 80%, 60%, 40%, and 20% of normal. The corresponding yield coefficients for
potatoes and sugar beet are taken from [44]. The yield coefficient for winter wheat is taken
from [45]. Results are presented in Table A6. The yield curve is very flat, meaning that a
reduction of N has limited impact on yield. Due to a lack of data, effective N demand and
yield of onions are assumed to be constant. Catch crops are included in the model, but they
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have no crop yield and there is no relationship to yield from other crops. It is assumed that
crops harvested in summer are always followed by a catch crop.

Table A6. Coefficient of the response curve between yield and N. Source: [30,44] and own extrapolation.

Crops Normal/Advice Fert80 Fert60 Fert40 Fert20

Winter wheat 1 0.99 0.96 0.906 0.85
Ware

potatoes 1 0.974 0.936 0.906 0.85

Sugar beet 1 0.989 0.963 0.906 0.85
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