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Abstract

Greenhouse gas emissions from crop productions systems represents a considerable share of the total
man-made emissions. Nitrogen fertilization and soil management are the main sources of these gases from
these systems. The fertilization and soil management strategies from the farms depend on the local
conditions in which they operate, such as climate, soil, and availability of inputs, among others.
Correspondingly, the feasibility of adopting mitigation strategies and their resulting effects and implications
also depend on these aspects. These can be expected to significantly vary across farms in different regions.
Considering the need to take quick action against climate change, it is necessary to understand which
mitigation strategies profile as the most cost-efficient. Against this background, this thesis analyses
mitigation strategies designed for cropping systems to evaluate their potential and costs and compares
them. Case studies for selected regions in the USA, Brazil and in Germany were conducted, assessing one
crop in each region. A combination of scientific literature and focus groups with local consultants and
growers were used to generate realistic results which depict the local context.

This thesis identified that four strategies are feasible in the USA, three in Brazil, and only two in Germany.
Some of the strategies evaluated in the farms promote the sequestration of carbon in the soil. This potential
is limited in time and reversible, indicating that the strategies must be permanently used by the farms,
although no additional sequestration occurs after the potential is realized. Consequently, the economics of
the mitigation strategies depended on the time horizon considered. Overall, assuming a short term,
strategies promoting carbon sequestration were indicated to offer a larger potential than strategies only
abating nitrogen-based emissions. However, in the long term, this distinction was no longer valid.

In the short term, the lowest mitigation costs were attained by optimizing the nitrogen rate. This strategy
was feasible in the USA and Brazil. These costs are indicated to be negative, implying that the growers
adopting the strategy would not only lower emissions, but also reduce their costs. This strategy in Germany
has among the highest costs from all the strategies studied. The next most cost-efficient strategies were
revealed to be the reduction of the tillage intensity in the USA and adoption of cover crops, which was
feasible in the three cases with comparable mitigation costs. However, uncertainties regarding the
estimation of the carbon sequestration potential resulted in a large variation between the best and worst
scenarios, with the exception of Brazil. Lastly, the adoption of enhanced-efficiency fertilizers (inhibitors),
feasible in the USA and in Brazil, had among the highest mitigation costs. Assuming the long term, the
mitigation costs of strategies promoting carbon sequestration increased, becoming similar to or higher than
strategies without this potential, except for the reduction of the tillage intensity, which has a lower cost in
this time perspective.

Additionally, the possibility of combining all the feasible mitigation strategies in each region was also
evaluated. This combination maximized the mitigation potential achievable in each case. The highest
potential in the short term could be attained in the USA and was approximately four times higher than in
the other cases. Nonetheless, the costs were similar in the USA and in Brazil, but higher in Germany. In the
long term the mitigation potentials in the USA and in Brazil are similar, but costs in Brazil were the lowest,
followed by the USA and lastly Germany.

Overall, this thesis analyzed the implications of adopting mitigation strategies in cropping systems in a
realistic context to derive comprehensive results. By applying the same methodology in each case, the
results are comparable and can be expanded in the future by replicating the approach to include additional
regions and crops. Additionally, while the findings are specific to the context in which they were calculated,
they can provide insights for similar regions.






Kurzfassung

Treibhausgasemissionen aus Ackerbausystemen bilden einen erheblichen Anteil an den gesamten
anthropogenen Emissionen. Stickstoffdiingung und Bodenbearbeitung sind die Hauptquellen dieser
Emissionen. Die Dlinge- und Bodenbearbeitungsstrategien der landwirtschaftlichen Betriebe hangen unter
anderem von den regionalen Bedingungen ab, wie Klima, Boden und Verfligbarkeit von Betriebsmitteln.
Dementsprechend sind auch die Machbarkeit von Minderungsstrategien und die daraus resultierenden
Auswirkungen und Folgen dieser Aspekte beeinflusst. Es kann davon ausgegangen werden, dass die
Bedingungen zwischen den Betrieben in verschiedenen Regionen erheblich variieren. Angesichts der
Notwendigkeit, schnell MaRnahmen gegen den Klimawandel zu entwickeln, ist es erforderlich zu verstehen,
welche Minderungsstrategien die kosteneffizientesten sind. Vor diesem Hintergrund analysiert diese Arbeit
Minderungsstrategien fir Anbausysteme, um deren Potenzial und Kosten zu berechnen und zu vergleichen.
Fallstudien wurden fiir ausgewahlte Regionen in den USA, Brasilien und in Deutschland durchgefiihrt, wobei
jeweils eine Anbaukultur ausgewahlt wurde. Eine Kombination aus wissenschaftlicher Literatur und
Fokusgruppen mit lokalen Beratern und Landwirten wurde eingesetzt, um realistische Ergebnisse zu
erzielen, die den lokalen Kontext widerspiegeln.

Diese Arbeit zeigt, dass vier Minderungsstrategien in den USA, drei in Brasilien und nur zwei in Deutschland
umsetzbar sind. Einige der untersuchten Strategien fordern die Kohlenstoffbindung in den Boden. Dieses
Potenzial ist zeitlich begrenzt und reversibel, was bedeutet, dass diese Strategien von den Betrieben
dauerhaft angewendet werden missen, obwohl nach der Realisierung des Potenzials keine zusatzliche
Bindung erfolgt. Dementsprechend ist die Wirtschaftlichkeit der Minderungsstrategien von dem
betrachteten Zeithorizont abhadngig. Insgesamt wurde festgestellt, dass Strategien, die die
Kohlenstoffbindung fordern, bei einer kurzfristigen Betrachtung ein grofReres Potenzial bieten als
Strategien, die nur stickstoffbasierte Emissionen verringern. Bei der langfristigen Betrachtung war diese
Unterscheidung jedoch nicht mehr giiltig.

In der kurzfristigen Betrachtung wurden die geringsten Minderungskosten durch die Optimierung der
Stickstoffmenge erreicht. Diese Strategie war in den USA und Brasilien umsetzbar. Die Kosten sind negativ,
so dass die Betriebe mit dieser MaRnahme, nicht nur ihre Emissionen, sondern auch ihre Kosten senken
wirden. In Deutschland liegen die Kosten fiir diese Strategie unter den hochsten von allen untersuchten
Strategien. Die Verringerung der Bodenbearbeitungsintensitat in den USA und der Anbau von
Zwischenfriichten, erwiesen sich als zweitglinstigste Strategie in Bezug auf die Kosten. Letzteres war in allen
drei Fallen mit vergleichbaren Minderungskosten maoglich. Die Unsicherheiten bei der Schatzung des
Kohlenstoffbindungspotenzials fiihrten jedoch zu grofRen Unterschieden zwischen den besten und den
schlechtesten Szenarien, mit Ausnahme von Brasilien. SchlieBlich verursachte der Einsatz von Diingemitteln
mit erhohter Effizienz (Inhibitoren), der in den USA und in Brasilien moglich war, die héchsten
Minderungskosten. Langfristig betrachtet stiegen die Minderungskosten der MalBnahmen mit
Kohlenstoffbindung an und erreichten ein dhnliches oder héheres Niveau als die MaBnahmen ohne dieses
Potenzial. Ausgenommen davon ist die Verringerung der Bodenbearbeitungsintensitit, die in dieser
Zeitperspektive geringere Kosten aufweist.

Zusatzlich wurde die Moglichkeit einer Kombination aller machbaren Minderungsstrategien in allen drei
Regionen untersucht. Diese Kombination maximiert die erreichbaren Minderungspotenziale in jedem Fall.
Das hochste Potenzial in der kurzfristigen Betrachtung konnte in den USA erreicht werden und war etwa
viermal so hoch wie in den anderen Landern. Dennoch waren die Kosten in den USA und in Brasilien
vergleichbar, in Deutschland jedoch hoher. Langfristig sind die Minderungspotenziale in den USA und in
Brasilien dhnlich, aber die Kosten waren in Brasilien am niedrigsten, gefolgt von den USA und schlielRlich
Deutschland.



Insgesamt wurden in dieser Arbeit die Auswirkungen der Einfilhrung von Minderungsstrategien in
Anbausystemen in einem realistischen Kontext analysiert, um umfassende Ergebnisse zu erzielen. Da in
jedem Fall dieselbe Methodik angewandt wurde, sind die Ergebnisse vergleichbar und kénnen in Zukunft
durch Wiederholung des Ansatzes auf weitere Regionen und Kulturen ausgeweitet werden. Darliber hinaus
sind die Ergebnisse zwar spezifisch fur den Kontext, in dem sie berechnet wurden, sie kdnnen aber auch
Erkenntnisse fir vergleichbare Regionen liefern.
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Chapter 1 Introduction 1

1 Introduction

1.1 Background

The coming into force of the Paris Agreement in 2016 has emphasized the need to transition to a more
sustainable society by reducing anthropogenic greenhouse gas (GHG) emissions to mitigate climate change.
Agricultural production not only is severely threatened by climate change but also is relevant as it accounts
for a significant share of global GHG emissions. In the case of crop production, the loss of soil organic carbon
and, especially, the application of synthetic nitrogen fertilizers are, by far, the most significant sources of
emissions (WRI, 2022). In this regard, the intensity of the utilization of fertilizers directly drives the release
of GHG emissions. However, fertilizer rates can vary considerably among countries and regions, as they
depend on agronomic, social and economic conditions. Hence, to assess the potential to reduce emissions
from agricultural production, one needs to comprehend the technicalities and the feasibility of mitigation
strategies at the farm level in order to identify the most economical alternative to abate GHG emissions.

Despite the known complexity of crop production systems and the uncertainties surrounding potential costs
of adopting alternatives with lower emissions, research has focused on assessing primarily two aspects: the
technical potential to lower GHG emissions with a specific mitigation strategy and the possible impacts of
mitigation policies based on statistical models. Technical potentials for GHG reduction usually are estimated
by measuring the emissions of an alternative practice and comparing them against those of the established
one. These are usually estimated utilizing farm trials; e.g., Parkin and Hatfield (2014) and Abdalla et al.
(2014). However, these trials are not necessarily representative of the agricultural conditions of the region
and may not portray how farms are usually managed. Moreover, the costs, operational challenges and the
overall implementation process in realistic farm conditions are rarely included in these studies.
Consequently, determining realistic and representative mitigation costs is not feasible with the assumptions
utilized, as key elements are not described or remain unaccounted for.

The impacts of possible mitigation policies are projected utilizing statistical models. These are designed to
estimate the mitigation potential of a sector - e.g., agricultural production - affected by a mitigation policy.
Averages of yields, input usage intensity, reduction potentials and costs, among other variables, are
assumed to be valid for entire regions or countries and then fed into models of varying complexity.
Examples of these estimations are the calculations by Schneider et al. (2007) and Tang and Ma (2022).
However, these models consider the entire sector and rely mainly on fixed assumptions regarding the
production system and farm operations. For instance, mitigation of emissions by adopting cover crops on a
farm potentially can reduce fertilizer losses, affect the following crop and require additional machinery and
inputs, among other aspects not typically considered in the assumptions of the model. Hence, these models
simplify agricultural production and do not take into account the farm-level repercussions from
interventions to crop production systems (Bakam et al., 2012).

Yet crop production systems are the result of a complex optimization of multiple variables. Local
characteristics such as availability of machinery and labor, soil and climate conditions, crop rotation effects
or changes in crop yield have subsequent impacts on farm productivity and profitability. Thus, these
variables and their interactions define crop production in a specific region. Hence, they determine the
feasibility and conditions in which mitigation strategies can be adopted. Moreover, these variables can be
markedly different across regions. GHG mitigation strategies can be expected to differ accordingly,
suggesting that considerable variation in mitigation potentials and costs may exist. Consequently, the
regional agronomic, economic and technical characteristics of the farm must be taken into account in the
evaluation of mitigation strategies.
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However, while some of these variables may be available in statistical databases, this usually is not the case,
especially sufficiently disaggregated to enable a detailed analysis. Moreover, assessing mitigation strategies
also entails evaluating the repercussions that the strategies may have on farm operations and management.
In this regard, regional growers and agricultural experts can provide estimates for the missing information
(Ogle et al., 2013). Furthermore, such sources also have the necessary understanding of the regional context
to evaluate the farm-level repercussions derived from the adoption of the strategies. Consequently, it is key
to incorporate local expertise in order to generate a realistic analysis of the economics of GHG mitigation
measures (Rosenzweig and Tubiello, 2007). To identify efficient and effective policies to reduce GHG
emissions from crop production, a comprehensive evaluation of the farm-level feasibility and costs of
mitigation strategies is necessary.

1.2 Research objectives

The main objectives of this thesis are to determine:

(1) What are the GHG mitigation potentials and costs derived from the implementation of farm-level GHG
mitigation strategies in selected crops?

(2) How dothese mitigation potentials and costs compare across strategies and farms in different regions?

1.3 Approach and structure of the thesis

The main approach used to answer the research questions is to utilize case studies. Considering limited time
and funding, case studies enable the detailed analysis of mitigation strategies in crop production systems
across different settings. These are realized in three different countries depicting diverse agronomic,
climate and soil conditions as well as varying regulatory conditions. Each case study represents a relevant
crop in a key agricultural region in a selected country. Based on this division, a general review of scientific
literature is first conducted, and the review of region-specific information is integrated into each case study.

Chapter 2 provides the general background on GHG emissions from crop production and the common
considerations and limitations on the research of mitigation strategies. The chapters begin by introducing
the current global GHG emissions from all human activities. The geographical distribution of the emissions
as well as the main sources from agricultural production are then shown. Then, the relevance of nitrogen
utilization and soil management in crop production is reviewed as these are the main sources of emissions
from this sector. Afterward, the common methodologies and approaches used to study GHG mitigation in
agriculture are presented. The limitations of previous research are discussed to determine the main
scientific contributions and novelties of this research project.

Chapter 3 presents the process used to define the case studies, followed by an explanation of the approach
applied to assess the mitigation strategies and calculate their costs, emissions and mitigation potentials.
First, the criteria specified for the selection of the crops and regions in which the case studies are conducted
are explained. Afterward, the methodology utilized in each case study is introduced. First, the boundaries
of the system and the functional unit are defined. For each case study, a Typical Farm is constructed based
on a focus group discussion with growers and agricultural experts. The implementation of the focus group
approach is explained stepwise. The results from the focus group are utilized to describe the key costs
entailed in the production of the selected crop. Moreover, the focus group is used to evaluate the feasibility
and implications of adopting the mitigation strategy in a realistic farm-level context.

Next, the methodology used for the calculation of the GHG emissions is presented. The methodology in this
thesis includes an adjustment to the usual assumptions used to calculate nitrogen-driven emissions. The
adjustment ensures that the nitrogen applied to the system matches the losses, which is necessary for the
estimation of the mitigation strategies affecting nitrogen fertilization.
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Finally, the preliminary list of GHG mitigation strategies evaluated for each Typical Farm is presented. The
criteria used to determine the feasibility of implementing them is presented first. This includes an
explanation on the approach used to depict the variation of the mitigation potentials and costs, which
consists results in three different outcome levels: a standard case, best and worst cases. This is followed by
a discussion of the possible technical, economic and agronomic implications of each mitigation strategy.
The methodology used to calculate the mitigation potential of each strategy is presented. This discussion
and methodologies are obtained from a literature review but are presented only for strategies that are
evaluated in at least one of the case studies. Last, the approach to calculating the mitigation costs to provide
policy advice is presented.

The three following chapters present the case studies: chapter 4 assesses corn production in lowa, USA;
chapter 5, corn in Parand, Brazil; and Chapter 6, winter wheat in Mecklenburg-Vorpommern, Germany. The
case studies are structured identically, as shown in chapter 3.9. Initially, the selection of the specific region
within each country is presented. This is followed by a review of the context in which the Typical Farm
operates and a description of the production system. This provides the baseline scenario against which the
mitigation strategies are compared. Then, the strategies are discussed subsequently and independently
from each other. The evaluation of the strategies finishes with the presentation of the resulting changes in
costs, emissions and corresponding mitigation costs. This is followed by a comparison with the results found
in scientific literature. The possibility to combine mitigation strategies is presented after the mitigation
strategies have been discussed. The ranking of all the strategies assessed in the Typical Farm is presented,
as well as a summary and main findings.

Chapter 7 compares the mitigation potentials and costs across the Typical Farms and discusses the main
differences and similarities. A discussion regarding the methodology and overall application of the research
concept of this thesis is shown in chapter 8 and the conclusions and advice for policymakers based on the
findings of this thesis in chapter 9. The summary is provided in chapter 10.
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2 Emissions from agriculture and research on mitigation strategies

This chapter explains the GHG emissions from agricultural production and considerations on the
possibilities to abate these emissions in crop production systems. This presents the general context in which
this thesis is conducted. The chapter begins by presenting the geographical distribution and trends in GHG
emissions from agriculture and its subsectors as well as from land use change. Nitrogen and soil
management are the most relevant sources of emissions from crop production systems. The main factors
driving the release from these sources at farm-level are introduced. Moreover, the main findings from key
scientific literature and the common approaches used in the research on GHG emissions, mitigation
potentials, and costs are discussed. Finally, the limitations identified in previous studies and overall research
are stated.

2.1 Global GHG emissions and trends in agricultural production

Trends in global emissions and relevance of agriculture

Global anthropogenic GHG emissions have risen constantly for the past decades, as presented in Figure 2.1.
The total output of emissions increased by 43% between 2000 and 2018, reaching 49 Gt CO2.q (WRI, 2022).
The emissions shown are divided based on the definitions of sectors provided by IPCC (2019a), which
allocates the emissions to the sources where they are released. Most of the increase is in the energy sector,
which depicts the emissions from electricity and heating production.

Figure 2.1 Global greenhouse gas emissions by sector from 2000 to 2018
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Source: own elaboration based on WRI (2022).

The emissions from the agricultural sector, which includes the production of crops and livestock, increased
by 14% between 2000 to 2018, totaling 5.8 Gt CO2¢q. In 2018, this sector represented approximately 12%
of the total emissions, indicating it is the second largest source.

The sector “land use change and forestry” represents the emissions from deforestation, forest fires and
changes in soil usage and management. This sector accounted for 3% of the global emissions in 2018.
Changes in regulations in Brazil resulted in a significant a decrease in deforestation in the early 2010s, which
lead to a substantial decrease in the emissions from this sector (Assuncdo et al., 2015). However, the
expansion of agricultural land in Asia and Africa has sped up in the past decade (Jayathilake et al., 2021),
meaning that, globally, emissions have remounted to the same level of the early 2000s.
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The main driver of emissions from land use change and forestry worldwide is the expansion for agricultural
use (Alexander et al., 2015). Therefore, it could be argued that the agricultural sector is directly responsible
for an additional 3%, increasing the sector’s share of emissions to 15% of the global total.

Adding the emissions from the manufacture of agricultural inputs, energy and transport, which are not
accounted for in the sector “agriculture” in the emissions inventory shown in in Figure 2.1, increases the
total contribution of agriculture to approximately 25% of total yearly anthropogenic emissions (Lamb et al.,
2021).

It must be noted that these estimations are based on aggregated data used for emission reporting at the
national or continental level. This contrasts with the farm-level approach utilized in this thesis to calculate
the emissions from production systems.

Emissions from agriculture and managed soils

The sector “agriculture and managed soils” can be divided into three categories based on the source of
emissions: livestock, paddy rice and managed soils. Emissions from livestock production, resulting from
enteric fermentation from ruminants and manure management, are mainly methane (CH4) and, to a lesser
degree, nitrous oxide (N20). These are approximately 68% of the sector’s world total (FAO, 2022). Paddy
rice production also releases methane, which equals 13% of the sector’s total output. Emissions from
managed soils are N,O, released mainly from nitrogen applications. These account for 19% of the total.
Over 90% of the emissions from managed soils can be attributed to crop production and the rest to
grassland (IFA, 2001). Hence, crop production can be considered to be a relevant source of GHG emissions
from agricultural production, as it represents approximately a fifth of the total from this sector.

According to FAO (2022), approximately 54% of the emissions from managed soils are released from
synthetic nitrogen applications, 17% from nitrogen in crop residues and 15% from manure applied to soils.
The N,O emissions released from burning crop residues and draining peatland also are included in the
managed soils category, but combined they represent less than 10%.

The shares of emissions from all categories in the agricultural sector have remained unchanged since 2000
based on FAO (2022). In 2018, Asia was the largest emitter of emissions from managed soils, with 53% of
the total, followed by Europe with 18% and North America with 13% and South America with 8%. The
emissions from all continents are presented in Figure 2.2.

Figure 2.2 Greenhouse gas emissions from managed soils by continent in 2018
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Emissions from land use change and forestry

The sector “land use change and forestry” emits carbon dioxide (CO.). This sector has the particularity that
it not only releases this gas but can also sequester it. The sequestration occurs mainly due to the
incorporation of carbon in woody plants and soil organic matter, where it can remain bound for long periods
(Deyn et al., 2008). This indicates that the values presented for this sector depict the emissions, the
sequestration and the net change from emissions and sequestration.

In 2018, the emissions from this sector were approximately 4 Gt CO,¢q (Figure 2.3). These were driven by
the net conversion of forestland to grassland or cropland, which accounts for 74% of that value (FAO, 2022).
However, carbon sequestration occurs mainly in forestland and is estimated to be 2.6 Gt COzq. Thus, the
global net change in the sector land use change and forestry is a release of 1.4 Gt COz¢q. Africa and South
America are the largest net emitters, with 58% and 29% of the total, while Europe and North America are
the only net sinks, with 82% and 18%, respectively.

Figure 2.3 Greenhouse gas emissions from land use change and forestry by continent in 2018
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2.2 Nitrogen: emissions and relevance in crop production systems

Nitrogen can be considered among the most crucial nutrients for crop production (Eickhout et al., 2006;
Kraiser et al., 2011; Maheswari et al., 2017). This input is crucial to attain high yields and increase farm
profitability (Yadav et al., 1997). The discovery of the Haber-Bosch process to produce synthetic nitrogen
was the main enabler of the increase in crop yields observed in the last century (Smil, 1999). This discovery
more than quadrupled crop output and became the largest source of nitrogen to cropping systems (Stein
and Klotz, 2016). It is estimated that the total nitrogen fertilizer applied in agricultural production increased
10 times since the 1950s (Robertson and Vitousek, 2009). Before the use of synthetic nitrogen, agriculture
relied solely on biological nitrogen fixation from bacteria and the application of animal manure (Soumare
et al., 2020). This restricted crop vyields, indirectly limiting population growth because of the insufficient
food supply (Sutton et al., 2011). Moreover, the dependence on fertilizers is expected to continue increasing
as the global population is expected to reach 9 to 10 billion people in 2050 (Smith et al., 2013). Nonetheless,
globally, there are considerable disparities in the crop yields attained, which can be attributed to the
availability of nitrogen fertilizers (Drechsel et al., 2015). Currently, some regions still lack access to sufficient
fertilizer to ensure consistent yields and food supply (Mosier, 2004).
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The increased availability of nitrogen fertilizer has led to overuse, promoting losses, and severe disruptions
of natural ecosystems from pollution (Melillo, 2021). The recovery rate of the nitrogen applied in cereals -
i.e., nitrogen use efficiency, is estimated to be only 33% on a global average (Omara et al., 2019). This
coefficient varies greatly across regions and has not increased over the past 15 years, despite several
international initiatives (Lassaletta et al., 2014). The low recovery rate implies that a considerable share is
lost to the environment as gas and via leaching to underground water bodies (Bowles et al., 2018). These
gaseous losses occur as N,O, ammonia (NH3), oxides of nitrogen (NOx) and nitrate (NO3') if lost as leaching.
Additionally, these nitrogen compounds can affect the ecosystem by causing the eutrophication of water
bodies, promoting the loss of biodiversity and generating soil acidification (Bouwman et al., 2002).

Emissions from nitrogen in agricultural systems

In the context of GHG emissions, the most important nitrogen-based gas is N2O (Reay et al., 2012).
Agriculture accounts for 76% of global man-made N,O emissions, with 58% of these emissions coming from
managed soils mainly for crop production (WRI, 2022; IFA, 2001). This gas is released by the activity of soil
microorganisms, which are essential for the maintenance of the ecosystem. Bacteria take up this nutrient
and utilize it in their metabolism, releasing N,O as a by-product (van Spanning et al., 2005). This occurs
naturally and is promoted by, among other factors, the availability of nitrogen, especially from synthetic
sources (Venterea et al., 2005; Bouwman, 1996).

Crop residues also are a substrate for the bacteria responsible for these emissions. The magnitude of the
emissions from residues depends on the species of plant, its development state and amount of residues
(Aulakh et al., 1991). The overall release of N,O by bacteria is determined by the source of the nitrogen, soil
temperature and moisture and oxygen saturation (Stott et al., 1986; Stein and Klotz, 2016). The
considerable number of factors affecting the rate of release of the gas also implies that estimating emissions
is a complex process with a significant variability in the values calculated. Thus, the definition of mitigation
strategies derived from these estimations also shows this large variability.

Since these emissions are part of the nitrogen cycle, it can be concluded that N,O from crop production is
at least partially unavoidable as emissions are a part of the system (Yan et al., 2014). Still, these losses are
over-proportionately increased if an oversupply of nitrogen occurs, which can be interpreted as a fertilizer
rate that is higher than the combined requirements of the crop and the soil bacteria as a function of yield
(Grant et al., 2006). Moreover, the production of fertilizers, especially nitrogen-based, is an energy-
intensive process (Brentrup et al., 2018), releasing additional emissions that can be allocated to crop
production. The emissions from the manufacture can be more than one-fourth of the emissions released
by the use of the fertilizer. Hence, adjusting the nitrogen rate to match the requirements of the crop and
thereby minimize emissions is indispensable to abate the effect of agriculture on climate change.
Furthermore, the oversupply of nitrogen represents an inefficient input use, implying unnecessary costs for
the farm, decreasing its profitability (Flaten et al., 2019).

2.3 Carbon: emissions and relevance in crop production systems

Soil can be regarded as a finite natural resource that provides several ecological functions necessary for
crop production (Kopittke et al., 2019). It is the medium where plants develop, it stores and regulates water
flow, and it acts as a buffer and storage for nutrients (Komatsuzaki and Ohta, 2007). The soil's composition
and properties are determinants of nitrogen availability and the plant’s growth potential (Li et al., 2014).
Thus, the preservation of its physical, chemical and biological qualities is fundamental to avoid limiting plant
development and yields. Still, it is estimated that 22% of global agricultural acreage is degraded (Jie et al.,
2002).
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Soil degradation implies a decrease in soil organic carbon, which is released to the atmosphere as CO;
(Follett, 2001). The carbon share of the soil organic matter is referred to as soil organic carbon and is
estimated to be approximately 58% (Stockmann et al., 2013). In turn, soil organic matter portrays the sum
of the microbial and plant biomass, humus and organic particulate material. Soil organic matter helps
maintain yields and is crucial in the cycling of nutrients and water, critical elements in the preservation of
ecosystems. Carbon in the soil is constantly being cycled: It is released as emissions via oxidation and
replenished by inputs of plant biomass (Chapin et al., 2009). Alternations to the losses and inputs in this
cycle can lead to net permanent changes in the soil carbon content. The loss of soil organic carbon also
implies the release of N,O emissions, which contrarily to carbon emissions, cannot be recaptured by an
increase in the soil carbon stock (Liu et al., 2019).

Long-term land use management as well as the physical properties of the soil largely define soil condition
at the farm level (Pulleman et al., 2000). In this regard, the two main determinants of soil degradation and
carbon content in cropping systems are tillage and crop residue management. Tillage breaks and mixes soil
layers to prepare the seedbed for the sowing of the crop, facilitates root growth and controls weed
populations, among other factors critical to attaining high yields (Ohiri and Ezumah, 1990; Meade and
Mullins, 2005). However, intensive tillage operations such as soil inversion have exacerbated soil
degradation by exposing more layers to erosion (Hussain et al., 2021). Crop residues can be incorporated
into the soil to promote decomposition and return nutrients to the soil. Hence, the removal of crop residue
and biomass for use as feed or generation of biofuels promotes soil degradation, as the replenishment of
the soil’s naturally lost carbon is lowered (Blanco-Canqui and Lal, 2009). Nonetheless, the influence of tillage
and crop residue management in soil carbon is the subject of considerable debate. While previous findings
indicated that these practices generated substantial changes in the carbon stocks, newer studies have
reported markedly lower effects.

Reversing the practices that led to carbon loss in agricultural soils has the potential to increase soil organic
carbon (Lal, 2004a). The addition of practices aimed at increasing the output of biomass, such as cover crops
or cash crops with high straw generation, can help potentiate this effect (Reicosky, 2018). The input of
carbon in crop residues is linearly correlated with soil organic carbon (Huggins et al., 1998). This indicates
carbon sequestration, which can be interpreted as the capture of atmospheric carbon. The carbon is
absorbed into the plant’s structure via photosynthesis and can be later incorporated into the soil’s carbon
pool (Johnson et al., 2007; Komatsuzaki and Ohta, 2007). This increases soil organic matter, increasing
yields, water-holding capacity and nitrogen availability (Quiroga et al., 2006). Nonetheless, compared with
losses, carbon accumulation is slow and the effects that climate and soil properties have on the
accumulation rate still are not yet understood (Grandy and Robertson, 2007). The potential of the soil to
capture carbon is finite, as the soil no longer binds additional carbon when it has reached a new equilibrium
(Powlson et al., 2011). The captured carbon can be lost if the practice that led to its sequestration is no
longer utilized by the farm. Thus, a long-term strategy at the farm level is required to attain the possible
economic and environmental benefits from increased soil organic carbon (Lal, 2010). Consequently, for this
thesis, the assessment of the strategies leading to changes in carbon content is conducted taking into
account the long-term adoption to ensure the attainment of the GHG reduction potential.

2.4 Research on GHG mitigation strategies in agricultural systems

Estimation of mitigation potentials and the adoption of strategies

The calculation of mitigation potentials and costs can be divided based on the limitations assumed to adopt
the strategies. The technical mitigation potential represents the maximum biophysical reduction achievable
assuming simultaneous implementation of all the technically feasible strategies, regardless of the
limitations or implementation costs to adopt them (Moran et al.,, 2013). Globally, for the combined
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agricultural and land use change sectors, this potential is estimated to be 5.5-6 Gt COz¢q per year (Smith et
al., 2008), which would decrease the total anthropogenic emissions from 2018 by more than 10% (WRI,
2022). However, social and political limitations may restrict the realization of mitigation strategies since
they may not be considered acceptable in the given context (Wreford et al., 2017). Moreover, the strategies
may increase the costs of the production system without increasing revenues, reducing the acceptance that
producers have.

The economic mitigation potential depicts the annual emission reduction in relation to a defined carbon
price considering adoption costs but without accounting for socio-cultural or institutional barriers (IPCC,
2014). This potential usually is expected to be lower than the technical potential and is normally calculated
using different carbon prices as reference. For instance, the economic potential of global carbon
sequestration has been calculated to be 1.5 Gt COxq at a carbon price of 20 USD/t COzeq and 2.6 Gt COz¢q
at a carbon price of 100 USD/t CO2eq (Smith, 2016). The wide range in the calculations is the result of the
variation in the assumptions of the respective authors, especially regarding the likely opportunity costs
entailed in the adoption of the strategies. Moreover, it can be expected that there is a significant
discrepancy between the actual adoption costs at the farm level and the assumptions used in these
estimations.

Several of the strategies assessed by the authors of these studies include substantial changes to the
agricultural systems, integrating or switching livestock and crop production. Thus, it is not possible to
allocate mitigation potentials to specific sources. Still, most strategies in crop production focus on the
mitigation and sequestration of CO; via soil management and reduction of N,O emissions from fertilizer
applications. These gases and sources usually are the focus of the mitigation strategies because of their
total contribution to the sector’s emissions (Snyder et al., 2009).

Nonetheless, there are several limitations to realizing the mitigation strategies in the agricultural sector
(Lankoski et al., 2020). At the farm-level, the actual or perceived economic burden from the adoption of the
strategy can be considered among the most significant limitations (Wreford et al., 2017). This burden can
result from increased costs, additional investment, or a reduced yield, which would also increase food
insecurity. Other possible barriers are a lack of information and access to it, transaction costs and social and
cultural aspects (Smith et al., 2007; Wreford et al.,, 2017). Furthermore, the technical and economic
preconditions necessary for the implementation may limit the adoption of mitigation strategies, especially
in developing countries, as the access to inputs and financing may be limited (Tubiello et al., 2009).
Farm-specific attributes such as size and structure as well as age, education and farmer’s experience also
are determinants of the willingness to adopt strategies (Dessart et al., 2019). Consequently, it can be
inferred that calculation of mitigation strategies must take into account the farm and the grower’s
conditions to generate realistic results.

The regulatory and institutional frameworks of the country can be barriers as well. Transparent and
enforceable land ownership regulations are essential to incentivize the adoption of strategies (Palmer,
2011). Although not directly attributable to the farm, an insufficient institutional capacity to monitor and
support the mitigation strategies can slow their adoption. The monitoring also implies an accurate
estimation of the emissions and mitigation potentials, which entails that region-specific formulas and
coefficients must be generated (Mbow et al., 2012).

The mitigation of emissions in the agricultural sector should be achieved without negatively influencing the
yields. Assume a GHG mitigation strategy that abates emissions but also reduces crop yields by a greater
amount; e.g., emissions are lowered by 5% but yield decreases by 10%. This indicates that each ton of
production proportionately releases more emissions. Thus, fulfilling the demand for the product would
actually release more emissions than before the adoption of the mitigation strategy. Additionally, a
reduction in crop yields may generate a gap in the supply of the product. Thus, elsewhere, land must be
transformed by growers to produce the missing yield or the productivity in existing land must be increased.
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This is likely to promote deforestation, releasing CO, and possibly offsetting a significant share of the
abatement attained (Pan et al., 2020). Moreover, it is possible that the missing yield produced elsewhere
may be supplied by comparatively less efficient growers. For instance, they could apply more fertilizer to
produce a ton of product compared with the growers who adopted the initial mitigation strategy. The
geographical displacement of emissions as a result of a mitigation strategy is known as “emission leakage”
in the context of carbon accounting or as “Indirect Land Use Change” (or ILUC) in the bioenergy sector!
(Ostwald and Henders, 2014). A similar effect can be expected if crops are substituted to mitigate emissions
- for instance, legumes are grown instead of cereals. In this case, the magnitude of the emissions from ILUC
depends on the substitutability of the products (Gnansounou et al., 2008). Overall, quantifying the impact
of ILUC is a complex task (Broch et al., 2013). Nonetheless, estimations from previous research can provide
insights applicable to this thesis to quantify the effect that ILUC could have.

Win-win scenarios

In the context of GHG mitigation, win-win scenarios depict strategies that not only lower emissions but also
generate additional benefits to the producers or surrounding ecosystems (Smith et al., 2007). Possible
benefits could be an improved yield, increasing the grower’s revenue and increasing food security (Follett
et al.,, 2005; Lal, 2004a). Practices promoting carbon sequestration usually increase soil fertility and
productivity as well as the resilience of the system against extreme weather events (Moraes Sa et al., 2014;
Lal, 2014). Increasing nitrogen efficiency in cropping systems reduces NOs leaching into water bodies,
decreasing eutrophication (Conley et al., 2009).

Win-win scenarios that reduce emissions while increasing profitability have negative mitigation costs.
Usually, strategies entailing a reduction in tillage intensity or optimization of nitrogen fertilization result in
this type of scenario. In reality, however, farmers are reluctant to implement the win-win scenarios
calculated despite the apparent economic improvement (OECD, 2010). An explanation for this
counterintuitive option could be that the profitability calculations are not adequately defined. For instance,
they may omit relevant costs or overestimate revenues. Additionally, non-economic factors also can
influence the grower’s decision to adopt a mitigation strategy. Thus, win-win mitigation strategies must be
assessed thoroughly as they may be the result of limitations of the model used in the calculations. This topic
and the implications for these case studies are discussed in chapter 8.

Nonetheless, the implementation of the mitigation strategies can have negative impacts, such as a decrease
in biodiversity due to higher usage of crop care products (Bustamante et al., 2014; Gardner et al., 2012) or
an increased release of mercury and sulfur into the atmosphere from additional fossil fuel requirements
(Elbakidze and McCarl, 2007). Pure win-win scenarios are rare as most GHG mitigation strategies require a
trade-off (DeFries et al., 2004).

Approaches to calculating and comparing mitigation costs

In a context of limited resources and time, identifying the most efficient mitigation strategies is essential to
developing climate policy. This requires understanding the abatement potential and the costs implied in
the realization of the strategies (MaclLeod et al., 2015; Fellmann et al., 2021). The implementation of a
mitigation strategy could entail costs such as the monitoring and enforcing of the strategy (transaction
costs) as well costs that may arise from an increase in the market prices of the goods, among others. The
calculation of these economic costs generally is conducted using statistical modeling. At the farm level, the
cost of the strategy is the sum of economic changes the grower perceives compared with a

1 For the remainder of this study, the terms emission leakage and Indirect Land Use Change are used as interchangeable
synonyms.
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business-as-usual scenario. For instance, these can result from increased expenditure or reduced income;
i.e., foregone revenue. In this regard, this thesis calculates the farm-level costs derived from the adoption
of the strategy.

The mitigation potential represents the net change in emissions caused by a respective strategy initiated.
The mitigation cost - e.g., cost in USD to reduce one ton of CO; - can be interpreted as the monetary cost
incurred to attain a reduction in GHG emissions (Povellato et al., 2007). In scientific literature, mitigation
costs also are referred to as mitigation cost-efficiency or cost-effectiveness.

The mitigation costs are used as a metric to compare different mitigation strategies. Individual mitigation
strategies can be compared graphically using the Marginal Abatement Cost Curve (MACC). A MACC depicts
the strategies in a two-dimensional plot in which each column represents a specific mitigation approach
(Fellmann et al., 2021). The width of the column signifies the annual abatement potential in tons of CO; and
the height the mitigation cost per ton of CO;. Normally, the strategies (or columns) are arranged in order
of abatement cost. Theoretically, the sum of the widths of all the columns indicates the total GHG mitigation
potential achievable in the system assessed if all the strategies are implemented simultaneously.

Normally, mitigation costs and potentials in MACCs are calculated using one of two approaches: top-down
or bottom-up. The top-down approach is based on calculating sectoral or microeconomic models to
compute the impact of policy interventions, such as setting a carbon price, taking into account the economy
as a whole (van Vuuren et al., 2009; Fellmann et al., 2021). Usually, these econometric models rely on
macroeconomic aggregated data as well as a predefined set of conditions for mitigation strategies. These
models consider changes in the market derived from the strategies selected - e.g., prices of inputs and
output. The models calculate which combination of strategies would be adopted by the farms based on
their interactions and competition (Vermont and Cara, 2010). This implies that the result is a scenario in
which the strategies cannot be interpreted independently of each other but rather as an element within
the scenario. The mitigation potentials and costs are estimated for an entire region or economic sector and
the results are not dividable. Examples of MACCs can be found in the works by Pérez Dominguez et al.
(2020) and Schneider et al. (2007).

The bottom-up approach focuses on the technical implementation, costs and reduction potential of each
individual strategy evaluated first at farm level (Fellmann et al., 2021). This approach usually does not
account for changes in market conditions or its driving forces. The farm-level results can be scaled up to
estimate the effect on a region or country. The bottom-up approach has the advantage that it enables the
interpretation of the strategies individually, but the results cannot be aggregated because interactions
between strategies are not accounted for. Interactions between strategies may significantly affect the
economics and mitigation potential (MacLeod et al., 2015; Fellmann et al., 2021). Hence, this approach is
not implicitly adequate to assess the combined mitigation potential of several individual strategies, unless
the interactions are evaluated. As examples, Pellerin et al. (2017) and ICF (2013) used a bottom-up approach
to construct MACCs.

2.5 Contribution of this thesis to literature

Limitations of previous research

Significant limitations have been identified in the calculation of mitigation alternatives, either as individual
strategies or in the context of MACCs. Examples of the limitations are the nonrepresentation of adoption
barriers, unclear system boundaries and the omission of complex synergies or interactions between the
individual strategies; e.g., competition for machinery (Kesicki and Ekins, 2012; Kesicki and Strachan, 2011).
Key limitations generally omitted are the availability of inputs, machinery and labor in the farms.
Furthermore, studies typically evaluate crops in an isolated context, meaning that the effect of the crop
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rotation, the preceding and following crops, are not normally taken into consideration, especially in
farm-level studies. These elements may impose substantial constraints on the adoption of mitigation
strategies because of the competition for machinery, management of crop residues and soil, or shared plant
diseases, among others.

Additionally, most studies rely solely on highly aggregated, publicly available databases; thus, they are
limited by the availability of statistical data or the level of disaggregation (Ragnauth et al., 2015). Usually,
activity data is not covered in these databases; e.g., specific fertilizer applications for a given crop.
Additionally, the difficulty in harmonizing different databases can also hinder their usability for mitigation
calculations (Eory et al., 2018). Hence, distinctions for specific crops are omitted or are based on
assumptions rather than on actual information. Consequently, the mitigation strategies are assumed to be
fixed and identical for entire regions or countries, ignoring the effect of the variability in climate, soil and
farm structure.

Hence, it could be argued that previous studies using only statistical data have been dependent on an
oversimplified depiction of the productive system? and the local context. Thus, they are lacking a
comprehensive understanding of the agronomic and economic logic of existing crop production systems
and their implications for mitigation strategies.

Arguably, conducting case studies partially tackles these limitations. This methodology facilitates a detailed
holistic assessment of a complex situation and enables the combination of the expertise of stakeholders
plus statistical information a (Morland et al., 1992). Case studies can be used to reveal and explain complex
causal links (Yin, 1994). Hence, case studies can be used to assess the farm-level limitations and implications
that the adoption of a mitigation strategy may have in order to generate realistic results.

In the context of case studies, focus groups can be conducted with growers and agricultural experts to
describe a representative crop production system. This has the advantage that it incorporates their
expertise in describing the farm. Focus groups with farmers are a frequent approach to evaluate mitigation
strategies and understand the limitations to their adoption (Stuart and Schewe, 2016; McCarl et al., 2021,
Kahiluoto et al., 2012; Swinton et al., 2015). The focus group approach enables the assessment of the
grower’s reaction to a change in the framework conditions; for instance, new policies or market conditions
(Feuz and Skold, 1992; Chibanda et al., 2020). The participants have the opportunity to elaborate on
complex ideas, facilitating a more comprehensive description (Reid et al., 2007). In addition, the integration
of diverse stakeholders with divergent stances within a focus groups fosters discussion by eliciting the
exchange of ideas (Kowarsch et al., 2016). Furthermore, the grower’s management decisions to implement
a mitigation strategy and the drivers of these decisions can be perceived as qualitative data. This type of
information usually is not included in statistical datasets unless specific surveys have been conducted. It has
been recognized that the participation of stakeholders in studies concerning climate change mitigation in
agriculture is essential to create meaningful policy advice (Dooley et al., 2018).

Moreover, in previous farm-level studies evaluating more than one strategy or bottom-up MACCs, the
analysis of synergies in a combination of strategies rarely was included. Thus, the theoretical maximum
mitigation potential and resulting cost from a joint implementation of strategies is not revealed.

A comparison of the mitigation potential and costs from different studies is not adequate in every case, as
the methodologies, system boundaries and factors considered can differ (Eory et al., 2018; Kesicki and Ekins,
2012). The restricted comparability of the results from diverse studies limits their usefulness in

2 Toillustrate, while several databases with fertilizer rates applied are available, they rarely present the data on the specific
fertilizer used or the time of application. Thus, a detailed analysis - for instance to assess the competition for machinery
- is not feasible.
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policymaking (Vermont and Cara, 2010). Taking into account that most studies focus on one region or
country, the direct comparison of mitigation costs across farms on different continents is limited.

Main contributions of this thesis to literature

Considering the limitations of previous research on GHG mitigation strategies and costs in crop production,
this thesis tackles the following issues:

(1) Derivation of comprehensive and representative farm-level results: By actively involving growers and
agricultural consultants in a focus group discussion, this thesis integrates the intricacies and challenges
of crop production in the selected regions utilizing case studies. This approach provides a realistic
baseline describing the production system. The approach also is suitable for generating and evaluating
feasible mitigation scenarios, which account for the technical, agronomic and economic limitations.

(2) Assessment of the combination of strategies: The interactions and possible limitations to adoption
derived from the joint implementation of multiple strategies are evaluated. Based on the evaluation,
a realistic maximum mitigation potential and corresponding costs are calculated.

(3) Comparability of mitigation potentials and costs across different regions: The utilization of a
standardized methodology to calculate costs and emissions and to assess the feasibility to implement
the strategies enables a direct comparison of the results in different contexts.

2.6 Relevance of farm-level mitigation costs for policymakers
Design of mitigation policies in agricultural context

In addition to farm-level mitigation costs, as calculated in this thesis, policymakers must consider further
factors to design efficient environmental policies. Mitigation strategies may generate tradeoffs or synergies
that can be positive or negative (Verspecht et al., 2012). For instance, lowering the nitrogen rate to abate
emissions may also reduce the eutrophication of water bodies (Huang et al., 2017), but could threaten food
security if yields are affected (Zhang et al., 2013). Thus, interactions of the policies must be evaluated.
Transaction costs also must be taken into account to evaluate the efficiency of different environmental
policies (McCann, 2013). These costs depend on several factors, such as the specific measure, existing
infrastructure and information, legal systems and possibility to combine policies, among others (Coggan et
al., 2010). Thus, the share of transaction costs in the total cost of a policy can vary considerably. To illustrate,
Coggan et al. (2010) reviewed literature studying transaction costs in environmental policies and found that
these range from 21% to 50% of the total cost of the policy. Rgrstad et al. (2007) estimates the share of
transaction costs in agricultural environmental policies in Norway to be approximately 20%. Arguably, this
reveals that farm-level costs can be expected to represent the largest share of the total cost of the
mitigation policy. Moreover, transaction costs tend to become lower with technological development and
the adoption of digital infrastructures (Ehlers et al., 2021), meaning that the share of farm-level costs may
become higher. Consequently, while farm-level costs alone are not sufficient to derive comprehensive
mitigation policies, understanding these costs compliments the development of efficient abatement
policies by providing essential data (Sanchez et al., 2016).

The farm-level mitigation costs calculated in each case study are ranked in ascending order. This list
provides policymakers with an initial indication of which strategies should be prioritized when further
evaluating the GHG mitigation policies. It must be noted that this list of priorities is valid only for the share
of the farm population used as reference for the assessment in each case study; i.e., the Typical Farm. Thus,
the ranking also should be used as an indication for which strategies should be further researched, not only
to verify the findings from this thesis and increase their accuracy, but also to be able to expand the analysis
to additional farms, production systems and regions.
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Time horizon of the mitigation policies

The economics of the mitigation strategies in agriculture may vary based on the time horizon considered
for the policy. In this regard, policymakers must differentiate between strategies reducing emissions and
strategies promoting carbon sequestration (Fellmann et al., 2021). Reducing GHG emissions by adopting a
new technology or changing a practice - e.g., lowering the nitrogen rate to reduce nitrogen-driven emissions
- will imply a reduction of GHG emission compared to the baseline scenario as long as the practice is in use.
Therefore, assuming all costs and processes remain unchanged, the cost-efficiency of this mitigation
strategy is constant.

In comparison, carbon sequestration is a finite and reversible process. This means that the practice that led
to binding the carbon in the soil - e.g., growing cover crops to incorporate the biomass into the soil - must
be used continuously despite no longer generating a net sequestration. Hence, strategies with carbon
sequestration presents two stages: an initial finite transition stage with carbon sequestration and a
following stable stage in which the practice is perpetually in use, but no net additional carbon is sequestered
(see chapter 3.5.6). Assuming the yearly costs of the strategy are constant, it can be inferred that the cost-
efficiency of policies promoting carbon sequestration worsens when the time horizon considered is
extended, because a higher proportion of years without carbon sequestration must be accounted for.

Therefore, in order to provide advice for policymakers, the mitigation strategies must be evaluated
considering different time horizons. Hence, the ranking of strategies in this thesis is divided using a
short-term and a long-term perspective (see chapter 3.8.). It must be noted that, given the goal of the Paris
Agreement to reach global net zero emissions by 2050 and the expectation that agriculture substantially
contributes towards this target (Leahy et al., 2020), it is advised that policymakers prioritize the mitigation
strategies using the short-term perspective.
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3 Methodology and research concept

This chapter introduces the methodology used to assess the mitigation strategies in this thesis. First, the
criteria used to select the crops, countries, and specific regions are explained, including the delimitation of
the system considered in the analysis. The case study in each region is based on a Typical Farm described
using focus groups. Both concepts and their application to evaluating the implementation of the GHG
mitigation strategies in this thesis are presented.

The costs considered in the Typical Farm and the methodology used to calculate the emissions are
introduced. Last, the criteria applied to select the mitigation strategies discussed in the focus groups, the
description of the strategies selected, and the approach used to calculate the mitigation potential are
explained.

3.1 Selection of crops and regions for case studies

Existing literature and studies were reviewed to obtain an indication of possible regions and crops for the
case study. The principle was to gather information on the mitigation potential and costs achievable in crop
production systems in an international comparison. However, no applicable database presenting this
standardized information disaggregated at sufficient levels of detail could be identified. Thus, the selection
of the crop and regions for the case studies is based on criteria deemed crucial to generate impactful results.

The first criterion is that the crop and region must be relevant for global food security and agricultural
markets. Although the scalability of the results is not evaluated, the representativity of the conditions in
which the strategies are derived is evaluated in detail. Thus, selecting a relevant crop and region would
imply that the results are valid on a larger scale. The total production of the crop is used as a proxy for this
aspect.

The second criterion is that the network agri benchmark Cash Crop (see chapter 3.4) must have scientific
partners in the country of the case study. This is fundamental for the assessment of the mitigation strategies
since the partners not only provide region-specific know-how but also can support the organization of the
focus group used to discuss the strategies with stakeholders. This is considered fundamental to deriving
realistic results adequate to the local context.

The application of these two criteria can be divided into two stages. The first is the choice of crops and
countries where the case studies are conducted, which is explained in this chapter. The second stage is the
selection of the specific region within the country where the Typical Farm of the case study is located. This
assessment is conducted in the corresponding chapter in each case study.

Selection of crops and countries for the case studies

The five most-produced arable crops from 2008 to 2018 are used as the first criteria in the selection and
are presented in Figure 3.1. Globally, corn is the most-produced crop. Its production shows an upward trend
and has increased by approximately 35% since 2008, which is a significantly larger increase compared with
the other crops presented, except for soybeans, which are less relevant in absolute terms. Wheat and paddy
rice production are similar in volume for the entire period covered. The global production of these crops
was approximately 35% lower than that of corn in 2018. However, paddy rice production differs
considerably from other crops - in particular, due to the intricacies and particularities of its water
management system. Thus, it is deemed to be beyond the scope of this thesis. Potatoes and soybeans are
the fourth and fifth most-grown crops, but compared with wheat and corn, they can be considered less
relevant. Hence, corn and wheat are deemed as potential crops for the case studies.
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Figure 3.1 Most-produced crops globally from 2008 to 2018
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The largest producers of corn and wheat are presented in Figure 3.2. The USA is the largest producer of
corn, with approximately one-third of global production, followed by China (22%) and Brazil (7%). Inquiries
were sent to selected members of the agri benchmark network in these countries, in which the project and
research concept were presented to determine the possibility of obtaining their support. Further aspects
such as time availability, language barrier and acquaintance with the Typical Farm and focus group
approaches also were considered based on the feedback provided by the researchers. Based on these
considerations, cooperation with scientific partners in the USA and Brazil could be established.

The European Union (EU) is the largest wheat producer, with 18% of global total output. Based on the
average from 2008 to 2018, France is the largest grower, with 29% of the EU output, followed by Germany
with 19%. Conducting a case study in France likely would imply a language barrier as the researcher doing
this thesis does not speak French. Thus, it is not guaranteed that the interviews and discussions can be
conducted without the help of a qualified translator, which would increase the complexity of the
organization of the case studies and increase the risk of missing key information due to errors in the
translation. Additionally, it must be taken into account that this research project is funded and carried out
in a German institution. Moreover, the German Federal Government launched the Climate Action
Programme 2030, which aims at reducing the emissions from the country by 55% by 2030. The agricultural
sector is expected to contribute toward this goal by lowering its emissions by 14% compared with 2014.
Consequently, the last case study in this project is conducted for wheat in Germany. This both helps
compare mitigation costs at an international level for a relevant producer and provides insights that can
contribute to the efficient adoption of the German government’s Climate Action Programme 2030.
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Figure 3.2 Largest producers of corn and wheat by share of total production — average 2008-2018
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3.2 System boundaries

The agricultural activities and inputs necessary to produce the selected crop in the field are defined as the
system assessed for the mitigation strategies. Based on this delimitation, the costs considered are the crop
establishment costs (seeds, fertilizers, and crop protection), liming, and the costs entailed in the realization
of the farm operations. Within this category, diesel usage, labor required, and the cost of the machinery
(depreciation and maintenance) are taken into account. The use of agricultural contractors to conduct field
operations is considered as well. These elements are assumed to depict the crucial field-level costs that can
be affected by the implementation of the mitigation strategies.

GHG emissions released from the field resulting from the use of these inputs as well as the emissions driven
by the crop are considered in this thesis. Thus, the emissions included are the soil emissions from nitrogen
additions (fertilizers and crop residues), the CO, from urea applications and liming, and diesel for the field
operations. The carbon emissions from changes in the soil organic carbon resulting from changes in the
farm operations are accounted for in the assessment. Additionally, the carbon footprints entailed in the
manufacturing of the fertilizers and the diesel are addressed as well, as, without crop production, these
emissions would not occur®. As with costs, the emissions from these elements are deemed as those most
likely to be affected by the mitigation strategy.

Emissions not considered in the system

The emissions from the manufacture of selected elements used in crop production, other than fertilizer,
are not considered in this thesis. The total carbon footprint from the manufacture of machinery has been
estimated to represent only approximately 6% of the total emissions in intensive crop production
(Pugesgaard et al., 2015). Similar results have been found for the manufacture of herbicides and pesticides
(Chen et al., 2018; Audsley et al., 2009; Pugesgaard et al., 2015) as well as for seeds (Camargo et al., 2013).
Moreover, only the change in the usage of these inputs resulting from the mitigation strategy is needed to
determine the mitigation costs (see chapter 3.7). In other words, only the GHG emissions entailed in the

3 Neither the emissions from diesel manufacture and usage nor from the manufacture of fertilizers are included in the GHG
inventories from the sector agriculture following IPCC definitions, as presented in chapter 2.1.
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farm operations or inputs that differ from the baseline scenario are relevant. Therefore, it is inferred that
the difference in GHG emissions from changes to these inputs would be comparatively small and their effect
on the overall mitigation potential is considered negligible.

3.3 Functional unit

For this analysis, the costs are expressed in dollars (USD), and emissions in carbon dioxide equivalents
(CO2¢q). These are expressed per hectare, which is used as the functional unit. Costs and emissions are used
to calculate the cost to mitigate one ton of GHG emissions.

Additionally, in the case that the mitigation strategy generates a change in the crop yield, the emissions are
also calculated per ton of product. This reveals whether there is a net increase in global GHG emissions
derived from releasing more emissions per unit produced (see chapter 2.4).

The gases considered in this analysis are carbon dioxide (CO3) and nitrous oxide (N;0). Although methane
(CHa) also is described in the methodology from IPCC (2019b), none of the inputs or processes included in
this thesis release CHa.

CO; and N0 have different intensities as GHGs; thus, they are standardized using the Global Warming
Potential (GWP). This is the most common metric used to measure the climate impact of different gases
(Timma et al., 2020; Holtsmark, 2015). It is a calculated coefficient in which the warming capacity of a
specific gas depends on its potential to absorb energy and its lifetime in the atmosphere. The cumulative
annual effect of the gas is compared against CO;, which is used as a reference in a ratio. This ratio is
averaged over a period of time, typically 100 years. The resulting value for the gas is expressed as COeq.
Hence, this can be interpreted as the amount of CO, needed to equate the climate-effect of a specific gas
over 100 years. The values published in the Fifth Assessment report by IPCC (2013) are used and indicate a
GWP for N,O of 296 kg CO2eq.

3.4 Definition of Typical Farm and costs

The concept of Typical Farms as defined by agri benchmark are used for the evaluation of the GHG
mitigation strategies. The agri benchmark Cash Crop network is composed of agricultural economists and
experts, covering a variety of agricultural systems across the globe. The network is coordinated at the
Thiinen Institute of Farm Economics in Germany.

A Typical Farm describes the dominant farm type and production systems in a relevant agricultural region,
which is indicated to produce the bulk of the agricultural output (Zimmer and Deblitz, 2005). Detailed
information on crop rotations, mechanization, farm operations, crop yields, input use and other agronomic
factors are depicted for each Typical Farm (Hemme et al., 1997). These data are gathered following a
standardized procedure, including data collection and validation. This ensures consistency and
comparability across Typical Farms. The detailed data described and procedures utilized are presented in
Zimmer and Deblitz (2005).

However, in reality, the Typical Farm does not exist. It is rather a construction based on data gathered in a
focus group discussion in which agricultural consultants and growers from the selected region participate.
Consequently, the Typical Farm is deemed to be representative, albeit not in the statistical sense, as it does
not describe the average of the statistical data (Zimmer and Deblitz, 2005). Nonetheless, in cases when this
type of data is available, it is used for a comparison with the information provided by the participants of the
discussion.

The results from focus groups are processed with the TYPICROP model. The model calculates relevant
agronomic and economic indicators for each crop and for the whole farm. The formulas and fundamental
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assumptions entailed in this model are described in detail in the thesis conducted by Nehring (2011).
Chibanda et al. (2020) present a comprehensive analysis and explanation of the Typical Farm methodology.
It must be noted that the standardized procedure used for Typical Farms in the agri benchmark network
has been adapted for this thesis. The detailed approach utilized in the case studies is presented in the next
chapter.

3.4.1 Focus group discussion

For this thesis, focus groups with growers and agricultural experts are used to describe the Typical Farm in
the baseline situation as well as the changes required to adopt the mitigation strategies. The approach is
presented in this chapter and is applied in each region where a Typical Farm is established. The regions are
selected using the criteria previously presented.

3.4.1.1 Preparation of focus group discussion

The guidelines for the focus group discussion in the context of agri benchmark were established by Nehring
(2011) and were utilized in the works of Krug (2013), Walther (2014) and Dehler (2023)

Preparation of focus group

First, cooperation with a scientific partner in the region selected must be established. This facilitates the
realization of the focus group approach for the Typical Farm. Members of the agri benchmark network in
the selected countries and regions are contacted. The project, objectives and expectations regarding their
support are explained in detail. If they are not available to participate, a recommendation for possible
candidates to take this role is requested. This process repeats until the support of a local scientific partner
has been gained.

The researcher conducting this thesis and the local scientific partner jointly search for participants for the
focus group. An invitation outlining the project and the objective of the discussion is prepared. The
invitation is sent to selected farm managers chosen by the scientific partner, who are asked for voluntary
participation. Additionally, an agricultural consultant is required for the session, who receives the same
invitation. However, depending on their stipulations, the consultant receives payment for participating. The
participants are not required to have any specific knowledge of GHG mitigation strategies or to bring any
type of farm-specific information other than their expertise. Thus, the basic focus group is composed of the
researcher conducting this thesis, the scientific partner, three to five farm managers and the agricultural
consultant. The exact number of participants is presented in the corresponding chapter in each case study.

Draft of the Typical Farm

Parallel to the search for participants, a draft of the Typical Farm for the case study is constructed. In the
cases where agri benchmark already has a Typical Farm in the region where the case study takes place, this
Typical Farm is reviewed for the draft. This draft is complemented using statistical data and scientific
literature. If no Typical Farm is available in the region, only statistical data and literature are used to define
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the draft. The draft includes a description of the overall Typical Farm used in the cost and emission
calculation of the case studies:

(1) Acreage (ha)

(2) Crop rotation (including cover crops)

(3) Tillage management

(4) Crop yields for all crops produced (t/ha)

(5) Moisture content of the harvested parts (%)

(6) Labor and input intensity and costs for the crop selected for the assessment (see chapter 3.4.2)

This data portrays what is assumed to be a normal year, based on the averages from the past three seasons.
This draft ensures that all focus group participants start from the same initial baseline, which can then be
adjusted. The main assumptions and questions of the draft are discussed with the local scientific partner
before the session. A handout and presentation detailing the agenda for the discussion as well as the
mitigation strategies are jointly prepared to structure the discussion (Kiihn, 2018).

A literature review on the possible mitigation strategies in the selected region is conducted to prepare for
the focus group discussion (see chapter 3.6). Preliminary calculations regarding possible changes at the farm
level are conducted using scientific literature and the draft of the Typical Farm. The values calculated are
used in the discussion to provide indications of the magnitude of the changes that are expected.

3.4.1.2 Beginning of session and definition of baseline scenario

The researcher and the scientific partner moderate and take notes, which are also recorded if the
participants agree. The recordings are used to complete the notes and are deleted afterward. The session
begins with an introductory round during which participants introduce themselves and provide background
on their experience and farm. The objective of the session is then presented to the participants. The concept
of Typical Farm as defined by agri benchmark is introduced and, if possible, the preliminary results from the
previous case studies are presented and a discussion takes place. Afterwards, the draft of the Typical Farm
is debated. All the elements of the draft are discussed until a consensus on the assumptions is reached
among the participants, including the reference period used to define a normal year. The result of this
discussion depicts the Typical Farm assumed as the baseline scenario of the case study. This ensures that
all the participants start from the same initial situation. The representativity of the results is evaluated in
the corresponding chapter of the case study.

3.4.1.3 Implementation of mitigation strategies

The mitigation strategies are introduced by the researcher and are debated in successive order. A brief
explanation of how the strategy mitigates emissions and examples of the possible implementation are
provided. The participants are invited to ask questions about the strategy. Afterward, the discussion begins,
starting with how the farm managers assume the strategy would be implemented on the Typical Farm. Each
adjustment proposed is discussed, which may entail changes to the inputs and practices already conducted
or the inclusion of new ones. Detailed data on machinery, diesel and labor requirements are gathered for
changes in farm operations. The discussion continues until a consensus on all changes has been reached.
The participant’s estimation of potential repercussions in yields, soil and other agronomic factors are
included in the assessment. Previous research has shown that subjective and potential controversial
assessments of the participants usually lead to a consensus after a short time (Nehring, 2011). The
discussion then proceeds to the next mitigation strategy, and the process repeats until all the strategies
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have been addressed. A final round of questions is opened for all participants, the summary of the
discussion is presented, and, lastly, the participants are thanked for their contributions.

After the focus group discussion is completed, the researcher and scientific partner meet to compare notes
and clarify the key messages and insights. These results are validated with scientific literature and additional
selected interviews are conducted to extend the analysis. The results of these processes are presented in
the assessment of each mitigation strategy.

3.4.2 Costs considered

The list of inputs and costs in the Typical Farm discussed in the focus group for the baseline scenario and
the mitigation strategies entails the following elements:

(1) Seed: cost per hectare

(2) Fertilizer: type, rate and unitary cost (per product)

(3) Pesticides: sum of herbicide, insecticide, and fungicide application costs per hectare
(4) Liming: type, rate and unit cost

(5) Diesel: liters required for the operations and cost

(6) Labor: hours required for the operations and cost

(7) Machinery: depreciation and repairs as explained in chapter 3.4.3

(8) Contractor: total costs per hectare

These costs are used for the basic description in the case studies, but additional categories not previously
included can be added or existing elements modified, based on the input from the focus group.

3.4.3 Machinery costs

The calculation of machinery costs in the Typical Farm approach is explained in detail in the work by Nehring
(2011), which is adopted in this thesis. Only the machinery costs derived from changes to the farm
operations necessary for the mitigation strategies are calculated. To illustrate, this calculation would be
done in case equipment is no longer required or it is changed; e.g., replacing a plough with a cultivator. The
calculations are conducted utilizing the formulas presented in this chapter based on the data from the focus
group discussions.

Cost calculation

The machinery costs account for the depreciation of the machine. The depreciation costs are divided into
two subcategories: depreciation based on historical prices (Equation 1) and depreciation based on
repurchase prices (Equation 2). Considering depreciation based on repurchase prices corrects for possible
distortions between farms with different inflation rates (Nehring, 2011).

Purchase — Salvage

Deppise = — - 1
Phtst Depreciation period (1)
Repurchase — Salvage
Dep,p = De — - (2)
preciation period
Dephist: depreciation of machine based on historical prices (USD/a)

Deprep: depreciation of machine based on repurchase prices (USD/a)
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Purchase: historic purchase price of machine (USD)
Salvage: salvage value after depreciation (USD)
Repurchase: repurchase price for the same machine after depreciation (USD)

Depreciation period: depreciation time of the machine in years

Additionally, the financing costs of each machine are included in the depreciation costs. These are obtained
from the average fixed capital in the machine (Equation 3). Finance costs have two subcategories: finance
costs for debts in the machine (Equation 4), which represents the cash debt; and the opportunity costs from
the equity in the machine (Equation 5), which represents the interest rate that could have been earned if a
deposit would have been made.

(Purchase — Salvage)

FixedCap = > + Salvage ( 3)
DebtCap = FixedCap x (100% — Equity) X i; (4)
OppCap = FixedCap X Equity X iy (5)

FixedCap: average fixed capital in machine (USD/a)

DebtCap: cash cost debt on the machine (USD/a)

Equity: equity share in fixed assets (%)

i interest rate long term loan (%)

OppCap: opportunity cost in equity of the machine (USD/a)

iq: interest rate long term deposit (%)

The total depreciation cost of each machine in the Typical Farm is calculated with Equation 6.
Depmac = Dephpise + Depyep + DebtCap + OppCap ( 6)

Depmac: total annual depreciation cost of the machine (USD/a)

The annual expenditure on repairs and maintenance also is accounted for in the Typical Farm. These are
added to the depreciation costs to depict the annual machinery costs. This value must be distributed to
allocate the costs per hectare, which is analog to the cost per pass. A distinction between types of machines
is necessary for this allocation.

For towed equipment, the distribution of machinery is based on the acreage on which it is utilized every
year (Equation 7). However, a tractor’s depreciation is usually distributed based on the yearly running hours,
as the same tractor can be utilized for different operations. Thus, the capacity of the tractor to conduct a
specific operation be taken into account when allocating costs (Equation 8).

Depac + Repairs

MachineCost,yyeq =

(7)

Utiltowed
(Depmac + Repairs)
, Util 8 )
MachineCost = tractor (
tractor Capacity
MachineCostiowed: machinery costs for towed equipment (USD/ha)

Utiltowed annual utilization of the towed equipment (ha/a)
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MachineCosttractor: machinery costs for tractors (USD/ha)
Utiltractor annual utilization of the tractor (h/a)
Capacity acreage that can be covered per hour during the operation (ha/h)

The combination of tractor and towed equipment necessary for the operations is obtained from the focus
group. The data necessary for the calculations are obtained from the focus group and the preexisting Typical
Farms and are shown in the Appendix (Table A.11 for the case study in the USA (lowa) and Table A.12 for
Germany (Mecklenburg-Vorpommern)).

Assessment of depreciation costs

The calculation of depreciation costs depends on the context in which the change in the farm operations
occurs. The type of equipment used, competition for machinery and the total annual utilization, among
other factors, are taken into consideration in the evaluation. Thus, depending on these aspects, the
depreciation costs arising from the changes in operations may be assumed to be zero. This indicates that
only a redistribution of the costs takes place, but no net change occurs at the farm level. This assessment is
conducted each time a change in the operation occurs, which is explained in the chapter evaluating the
mitigation strategy. In contrast, repair costs are assumed to be applicable for each pass.

Machinery costs in the baseline scenario

The total machinery costs in the baseline scenario are not necessary for the calculation of the mitigation
costs, as only the changes derived from the implementation of the strategies are required. Nonetheless, a
comparison between the Typical Farm constructed for the case studies and the preexisting Typical Farm
from the agri benchmark network is conducted if data are available. If deemed similar, the machinery costs
of the selected crop in the preexisting Typical Farm are implemented in the case study in the baseline
scenario. These provide complementary information to understand the local context.

3.5 Calculation of GHG emissions

This chapter explains the methodology used to calculate the GHG emissions from the Typical Farm in the
baseline and mitigation scenarios. Key considerations for the assessment of the mitigation strategies also
are presented. The coefficients and their sources used in the formulas presented in this chapter are shown
in the Appendix in Table A.2.

The climate regime is necessary for the calculation of emissions. This information is obtained from scientific
literature presented in the baseline scenario of each case study.

3.5.1 Emissions from nitrogen

The methodology for the calculation of the emissions driven by nitrogen, which is usually used in this type
of assessment, is provided by IPCC (2019b). Yet, the coefficients included in the methodology, in many
cases, are aggregated and may not necessarily apply to the conditions of the Typical Farms. Therefore, it is
assumed that the methodology must be modified, which is explained in chapter 3.5.1.2.

3.5.1.1 Direct emissions

According to IPCC (2019a), the category “direct emissions” (Equation 9) represents the N,O released from
the field where the crop is produced. Microorganisms take up the nitrogen from the soil and utilize it in
their metabolism, releasing N>O as a result (van Spanning et al., 2005). Emission intensity is governed by
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the availability of nitrogen (Venterea et al., 2005; Bouwman, 1996). Consequently, the more nitrogen added
to the soil, the higher the release of N,O will be if no other factors are changed.

The result of Equation 9 indicates the nitrogen emitted as N,O. To transform this value into kilograms of
N,O, the result must be multiplied by the ratio of the weight of the nitrogen atoms contained in the N,O
molecule. This ratio is assumed to be 44/28 (IPCC, 2019a).

N;0-N = (Fsy X EFsy) + (Fcp X EFcp) (9)
N,O-N: amount of nitrogen released as nitrous oxide (kg N2O-N/ha)
Fsn: input of synthetic nitrogen fertilizer (kg N/ha)
EFsn: emission factor for nitrous oxide from synthetic nitrogen input (kg N.O-N/kg N/ha)
Fer: input of nitrogen from crop residues (kg N/ha)
EFcr: emission factor for nitrous oxide from nitrogen from crop residues (kg N2O-N/kg N)

In general terms, an emission factor depicts the share of the input that is released as GHG. The previous
version of the guidelines from IPCC (2006) provided one default emission factor for direct emissions.
However, the refinement from IPCC (2019a) includes disaggregated coefficients based on the source of the
nitrogen and the climate regime.

Calculation of nitrogen in crop residues

Following IPCC (2019a), the nitrogen in crop residues (Fcr) can be determined as a function of the crop’s dry
matter (Equation 10).

FCR ZAGDMXNCAG+BGDMXNCBG ( 10 )
AGpm: dry matter of crop residues above-ground (kg DM/ha)
NCac: nitrogen content in above-ground residues (kg N/kg DM)
BGopwm: dry matter of crop residues below-ground (kg DM/ha)
NCse: nitrogen content in below-ground residues (kg N/kg DM)

Based on IPCC (2019a), the dry matter harvested is calculated with Equation 11, which is required to
determine the dry matter of above-ground residues (Equation 12).

DM} rves: = Yield X (100% — Moisture) (11 )
AGpy = DMy, 4rvest X Slope + intercept (12 )
DMharvest: dry matter of harvest (kg DM/ha)
Yield: yield of the crop (kg/ha)

Moisture: moisture content of the grain (%)
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Slope and intercept are crop-specific coefficients obtained from IPCC (2019a). The residues below-ground
can be calculated with Equation 13.

BGpy = (DMpgryest + AGpy) X RS (13 )

RS: ratio of below-ground to above-ground biomass

3.5.1.2 Adjustment factor

As previously mentioned, it is deemed necessary to utilize an adjustment factor for the calculation of N,O
emissions. This factor affects the indirect emissions, which are partly introduced in this chapter. The
formulas for indirect emissions adopted in this thesis are shown in chapter 3.5.1.3.

The adjustment factor is not a part of the methodology from IPCC (2019a). Thus, the arguments for the
need to adopt the factor and its assumptions are introduced and the calculation of the factor is presented
afterward.

Nitrogen inflows and outflows

The nitrogen in the soil could be interpreted as a closed system that is permanently losing and receiving the
nutrient. The nitrogen outflows are the nitrogen losses that occur based on IPCC (2019a) guidelines. These
losses are via the previously presented direct N,O emissions and through two indirect pathways.

The first of these pathways is the volatilization of nitrogen as NH3; and as NOx. These gases also are released
as part of the nitrogen cycle. The second pathway is when nitrogen is transported away from the field via
leaching and runoff®. If the precipitation transports the nitrogen as overland water, it is considered runoff;
if the water infiltrates the soil pores and transports the nutrient below the reach of the roots it is labeled
as leaching. This washed-off nitrogen is relocated to water bodies. Based on IPCC (2019a), these losses are
calculated with Equation 14 and Equation 15, respectively.

NVOL = FSN X Frac(;Asp ( 14 )
Ny = (Fsy + Fcr) X Fracigacu (15 )
Nvo: amount of nitrogen lost from the soil via volatilization (kg N/ha)
Fraceasr: fraction of synthetic nitrogen that volatilizes as NHsz and NOx (kg N volatilized/kg N)
I amount of nitrogen lost from the soil via leaching (kg N/ha)
Fracieach: fraction of nitrogen input that is leached (kg N leached/kg N)

IPCC (2019a) provides a disaggregated coefficient to be used for the fraction of nitrogen volatilized
(Fracease). However, this disaggregation is based on the type of fertilizer and does not account for climate.
Another coefficient is provided for the nitrogen leached (Fracieacn). A single coefficient is provided that
covers all the regions where leaching occurs®.

However, nitrogen also is exported from the system in the harvested crop parts (Equation 16), which is not
accounted for in IPCC’s methodology. As with crop residues, the harvested portion of the crop also contains

4 For the remainder of this study, the term leaching refers to the combination of nitrogen losses from leaching and runoff.

5 According to IPCC (2019a), leaching occurs in regions where the climate is moist and wet, which have the same coefficient
for nitrogen leached. In regions with dry climate, leaching is assumed to be zero.
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nitrogen in its structure, which depends on the crop and region (Baligar et al., 2001). This value is retrieved
from scientific literature. Thus, this can be interpreted as an additional nitrogen outflow from the system.
Hence, the three outflows in the Typical Farm are direct N,O losses, nitrogen losses from indirect pathways
(leaching and volatilization) and the harvested crop.

Nharvest = DMparyest X NCyp ( 16 )
Nharvest: amount of nitrogen exported via harvest (kg N/ha)
NChp: nitrogen content in harvested parts (kg N/kg DM)

The main inflow of nitrogen to the system is the application of nitrogen as fertilizer. The biological nitrogen
fixation from legumes, either from the previous cash crop or from a cover crop, can be considered as
another inflow. A share of the nitrogen fixated by legumes can become available to the following crop via
mineralization (Ciampitti and Salvagiotti, 2018).

A further potential inflow of nitrogen is the nitrogen deposited from volatilization, which, in part, is available
to the crop (Frink et al., 1999). To provide a reference, Zhang et al. (2015a) indicate that the average hectare
of cropland in the USA receives 11 kg N/ha from deposition. It could be argued that on a regional level, a
field receives the same amount of nitrogen as deposition that it loses as volatilization. However, other
processes such as the combustion of fossil fuels also release nitrogen-based gases that are later deposited
(Mosier et al., 2013). This implies that the nitrogen deposited is very different regionally as it depends on
complex soil and climate processes and surrounding human activities, which, combined, limit its
determination (Frink et al., 1999; Smil, 1999). Furthermore, the nitrogen deposited also is subject to the
nitrogen cycle, indicating that not all of it is available. Considering the intricacies associated with nitrogen
deposition calculation and that the grower has no influence on this variable, the nitrogen inflow from
deposition is assumed as a constant and is not accounted for in the assessment. Therefore, the nitrogen
inflows in the Typical Farm are from fertilizers and nitrogen fixation.

Initial theoretical nitrogen balance in the Typical Farm

To facilitate the explanation for the need for the adjustment factor, selected coefficients and results
calculated in the case study in the USA are utilized in the following explanation. The explanation to obtain
these values is provided in the baseline scenario of the Typical Farm in lowa (Chapter 4.5.1) and the
Appendix in Table A.2.

The crop rotation in the lowa Typical Farm is soybean followed by corn, which is the crop used in the
analysis. The nitrogen rate for corn equates to 181 kg N/ha. Soybean fixates nitrogen, but region-specific
data indicate that this legume does not generate a nitrogen credit from biological fixation. Hence, the inflow
of nitrogen from this source is assumed to be zero and fertilizers are the sole inflow.

The outflow of nitrogen as direct emissions is approximately 4 kg N/ha. Using the default coefficients from
IPCC (2019a) without the adjustment factor reveals that 15 kg N/ha are lost via volatilization and 68 kg N/ha
via leaching. Thus, the outflow of nitrogen via indirect losses totals 83 kg N/ha. The outflow via harvested
parts is estimated to be 141 kg N/ha. Consequently, the total nitrogen outflow of corn in this Typical Farm
is 227 kg N/ha. Theoretically, this indicates that the production of corn on this Typical Farm results in a net
loss of 46 kg N/ha; i.e., the nutrient is significantly undersupplied. A prolonged undersupply of nitrogen
would lower the soil fertility, reducing the crop’s yield (Brentrup and Palliere, 2010).

Yet, as previously discussed, a Typical Farm is said to be a farm that produces the bulk of the agricultural
output. To retain productivity, the grower must plan an adequate nitrogen supply to maintain yields and
profitability in the long-term. It can be inferred that the grower has the know-how to produce the crop
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ensuring these aspects and he would have noticed if the nitrogen supply was not sufficient. Consequently,
it could be argued that it is not realistic that the Typical Farm is undersupplying nitrogen, as theoretically
indicated by this calculation. This result can be attributed to some of the general coefficients and
assumptions used in the emission estimation.

Arguably, some emission coefficients portray the context of the Typical Farms. In general terms, the
nitrogen content of fertilizers is constant and intrinsic to the type of fertilizer; thus, it is not affected by
external factors. As in the case of lowa, data on nitrogen fixation from legumes is generally available for
several relevant agricultural regions. Likewise, the nitrogen exported via harvest is calculated using region
and crop-specific values. Similarly, the direct losses are calculated using an emission factor that is
disaggregated by source of nitrogen and climate. Consequently, it can be deemed that the inflow of nitrogen
via fertilizer and the outflow via harvest and direct losses can be adequately calculated for the conditions
of the Typical Farms.

On the contrary, the nitrogen outflow from leaching and volatilization are estimated using the coefficient
from IPCC (2019a). This does not account for differences in climatic conditions. Both are biochemical
processes that are affected by factors such as temperature (Li et al., 2020) and precipitation (Gu and Riley,
2010; Klocke et al., 1999).

Moreover, the coefficient for leaching losses (FRACieacH) is estimated by IPCC based on measurements in
grassland and arable land, which are averaged. The losses in these systems can be considerably different
(Fraters et al., 2015). Similarly, leaching rates from organic and synthetic nitrogen are combined, which also
can have markedly different loss rates (Di and Cameron, 2002). The large variation in the values utilized in
IPCC's determination of the leaching coefficient is reflected in the uncertainty range. In this case, along with
the default 24% adopted in this estimation, a range from 1% to 73% with a 95% confidence interval is
provided.

Considering these aspects, it can be inferred that the leaching and volatilization coefficients do not properly
depict the losses occurring in the Typical Farm. This is especially relevant as these losses amount to a
significant share of the total nitrogen outflows calculated. Arguably, these explain the undersupply of
46 kg N/ha between the nitrogen inflow and outflow.

Estimation of adjustment factor

To adapt the leaching and volatilization coefficients, an adjustment factor is implemented to balance the
nitrogen budget in the Typical Farm. It is assumed that nitrogen inflows equal the outflows, meaning that
the nitrogen applied to the cropping system is lost by the end of the season. In other words, on a seasonal
basis, the nitrogen stock in the soil remains unchanged with no net gain or loss. In each case study, this
assumption is reviewed in scientific literature and modified if necessary.

As previously explained, the nitrogen inflows, as well as the direct emissions and the export via harvest, are
deemed to be adequately estimated for the Typical Farm. Thus, these are used to calculate the nitrogen
remaining in the system that is lost via leaching and volatilization (Equation 17).

Nremaining = Nsupply — Nharvest — NZO'N ( 17 )
Nremaining: nitrogen in the soil susceptible to being leached or volatilized (kg N/ha)
Nsupply: sum of nitrogen inflows (fertilizer and biological fixation) available to the crop
(kg N/ha)
Nharvest: amount of nitrogen exported from the system via harvest (kg N/ha)

N,O-N: amount of nitrogen released as nitrous oxide (kg N2O-N/ha)
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The adjustment factor can then be calculated with Equation 18.

Nremaining
A= TN (18 )
voL L
AF: adjustment factor for losses as leaching and volatilization in the Typical Farm
NvoL: amount of nitrogen lost from the soil via volatilization (kg N/ha)
Ni: amount of nitrogen lost from the soil via leaching (kg N/ha)

The adjustment factor is used as an additional element that modifies the calculation of the N,O emissions
from leaching and volatilization. With this adjustment, the sum of the nitrogen losses from leaching and
volatilization pathways will equate to the nitrogen in the system that is susceptible to being lost. Hence, the
nitrogen balance in the Typical Farm is zero. Its integration into the methodology from IPCC (2019a) is
explained in the next chapter, which introduces the formulas as implemented in this thesis.

3.5.1.3 Indirect emissions

Indirect emissions from atmospheric deposition

Almost all of the gases volatilized as NHs and NOy from the field (NyoL) are returned as deposition on other
fields and water bodies (Schlesinger and Hartley, 1992), where they are susceptible to being emitted as
N,O. IPCC (2019a) guidelines and the adjustment factor are used to estimate these emissions (Equation 19).

N30 arpy-N = Nyg X AF X EF41p (19 )
N20(atp)-N: amount of nitrogen lost as nitrous oxide from atmospheric deposition
(kg N2O-N/ha)
AF adjustment factor for losses as leaching and volatilization in the Typical Farm
NvoL: amount of nitrogen lost from the soil via volatilization (kg N/ha)
EFatD: emission factor for nitrous oxide from nitrogen deposited (kg N2O-N/kg N)

As with direct emissions, the result of the equation is multiplied with a ratio of 44/28 (IPCC, 2019a) to
transform the nitrogen into N,O.
Indirect emissions from leaching and runoff

A share of the nitrogen lost via leaching (N) is released as N,O. These losses are estimated based on IPCC
(2019a) and the adjustment factor.

Nzo(L)-N == NL X AF X EFL ( 20 )
N2O()-N: amount of nitrogen released as nitrous oxide from leaching (kg N,O-N/ha)
I amount of nitrogen lost from the soil via leaching (kg N/ha)
EF.: emission factor for nitrous oxide from nitrogen leached (kg N2O-N/kg N)

The factor 44/28 (IPCC, 2019a) is used to transform the result into N,O.

3.5.2 Lime application and extraction

Agricultural lime is applied to the soil to reduce soil acidity and facilitate the absorption of certain nutrients
by the plant. This amendment usually is not applied every year but, rather, once in the rotation, as the
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effect on soil chemistry can last several seasons. Lime contains carbon-based compounds in its molecular
structure. A share of these compounds is released as CO; when the lime is applied. The emission factor
portraying the share of carbon released is obtained from IPCC (2019a). A conversion factor of 44/12 is used
to transform the carbon emissions into CO,, which is obtained from the same source.

The dataset provided by Brentrup et al. (2018) discussed in chapter 3.5.4 is utilized to account for the
emissions from the manufacture and industrial preparation of the lime.

3.5.3 Urea application

Urea and urea-based fertilizer contain carbon in their structure. This carbon is fixated in the molecular
structure of the fertilizer during its manufacture and is released when the fertilizer is applied to the soil.
The emission factor for the carbon emissions and the conversion factor of 44/12 to transform them into
COzare provided by IPCC (2019a). For urea-based fertilizers, the emission factor is applied only to the share
of urea contained in the fertilizer.

3.5.4 Manufacture of fertilizer

The GHG emissions from the manufacture of fertilizer depend, among other things, on the type of fertilizer
as well as on the source of the electricity used in its production. Different raw materials may be required to
produce diverse fertilizers. These must be extracted and transported to the factory to be processed. The
chemical reactions from the processing of the raw materials also release GHG emissions. The intensity of
these gases depends on the technologies used in the factories (Brentrup et al., 2018).

The emissions from the generation of electricity also are considered in the carbon footprint of the fertilizer.
Thus, fertilizers manufactured in regions that have a higher share of electricity from renewable sources
have a comparatively lower carbon footprint. Moreover, the GHG emissions from electricity generation vary
substantially depending on the source of the fuel used as well as the technology utilized in the power plant
(Zhang et al., 2013). Consequently, the same fertilizer can have considerably different carbon footprints
depending on where it is manufactured.

Brentrup et al. (2018) provide a dataset with the emission factors from the manufacture of fertilizers,
disaggregated fertilizer and region of the world, which is used in this analysis. The dataset is an expansion
of the assessment by Hoxha and Christensen (2018). These values account for the GHG emissions from the
extraction and transportation of the raw materials as well as from their processing, including the carbon
footprint from electricity generation in the region. Moreover, the values already include the carbon
sequestered in urea and urea-based fertilizers occurring during the manufacture (see chapter 3.5.3). For
this calculation, it is assumed that all the fertilizers the grower uses are produced in the same country where
the Typical Farm is located.

3.5.5 Diesel manufacture and use

The combustion of diesel® releases approximately 2.6 kg CO2q/l (Robertson and Grace, 2004). No dataset
providing region-specific emission values for the extraction of crude oil and refining it into diesel could be
identified. Therefore, a global average is used instead. Masnadi et al. (2018) calculated a global weighted
average and indicate that the emissions released from the extraction and transport of crude oil to the
refineries are 10.3 g CO2¢q/MJ. Refining the crude oil into diesel and distributing it releases an additional

6 Robertson and Grace (2004) indicates that 706 g of carbon are released per liter of diesel. To transform from carbon to
CO,, a factor of 44/12 is utilized, which is obtained from IPCC (2019a).
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5.3 g CO2¢q/MJ (Atris, 2020). The energetic content of diesel is assumed to be 35.3 MJ/I (Smallbone et al.,
2020). Hence, the extraction, transport and refining to obtain diesel releases 0.6 kg CO2cq/I. This value is
added to the emissions from the combustion. Hence, diesel usage on all Typical Farm implies a release of
3.1 kg COzeq/l.

3.5.6 Land use change

Land use change depicts the GHG emissions from variations in the use or management of the soil. These
result from changes in the soil carbon content. A reduction in the content implies its release as CO..
Contrarily, an increase signifies carbon sequestration.

IPCC (2019a) methodology is used to calculate the emissions from land use. This methodology is based on
the supposition that soil organic carbon reaches a stable stage (or equilibrium) after sufficient time of
constant soil management has passed since the last change to the system occurred. Hence, no net change
in the carbon stock takes place.

The main soil category must be defined to apply the methodology. Typical Farms are assumed to operate
on mineral soils unless scientific evidence or the focus group indicate otherwise’. The total carbon content
of mineral soils in equilibrium is calculated using Equation 21.

SO0Cio1a1 = SOCref X Coefyge X Coeftillage X Coefinput ( 21 )
SOCotal: mineral soil organic carbon stock in the system in equilibrium (t C/ha)
SOCeference mineral soil organic carbon in reference soil (t C/ha)
Coefyse: coefficient for land use (annual crop, perennial crop, rice, etc.)
Coefiillage: coefficient for tillage intensity (full, reduced, no-till)
Coefinput: coefficient for input of organic matter (low, medium, high with or without manure)

IPCC (2019a) provides all the coefficients necessary for this calculation, but these are used only if no
region-specific data can be found in scientific literature. Soil organic carbon in reference soil (SOCref) can be
interpreted as the carbon stock before human intervention and is based on the soil type and climate.
Likewise, the coefficients depicting land use, tillage intensity and input of organic matter are provided,
disaggregated by climate regime. A definition of each element and its categories is provided in
chapter 3.6.2.2 for tillage intensity and chapter 3.6.2.3 for input of organic matter.

Equation 21 is used to calculate the resulting carbon stock under the mitigation scenario, which is achieved
by replacing the corresponding coefficient; e.g., from full tillage to reduced tillage. The difference between
the carbon stocks in both scenarios represents the net change in emissions. This difference in stocks is

7 Mineral soils differentiate from organic soils principally based on the organic carbon content of the soil. In general terms,

soils with less than 12% are considered mineral, according to IPCC (2019a).
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divided by the time it takes the soil to transition to its new equilibrium to annualize the calculation (Equation
22).

SOCtotal(baseline) - Soctotal(strate )
€0, - LUC= ( Transition time = ) x CFc (22 )
CO,-LUC: annual GHG emissions from land use change (C/a)
SOCrotal(baseline) mineral soil organic carbon in baseline scenario (t C/ha)
SOCiotal(strategy): mineral soil organic carbon with mitigation strategy (t C/ha)
Transition time: transition period between original and new equilibrium (years)
CF.: conversion factor from carbon to carbon dioxide (equal to 44/12)

According to IPCC (2019a), the transition time can be assumed to be 20 years. It can be inferred that the
methodology assumes that the change transition between carbon stocks occurs linearly. Moreover, the
methodology also suggests that, to maintain the carbon sequestered by the strategy, the changes that
generated the net increase in carbon must be used permanently. If the practices no longer are conducted,
the carbon sequestered is released as emissions; i.e., carbon sequestration is reversible.

Hence, in the case of strategies that promote carbon sequestration, two different stages are assumed. The
transition stage of 20 years denotes the time in which a net change in the carbon content of the soil results
from the mitigation strategy; i.e., carbon sequestration takes place. This is followed by a stable stage, that
represents the carbon content of the soil with the strategy has reached its equilibrium. Thus, the carbon
sequestration potential is realized and becomes zero. The implications and possible adjustments between
the stages are discussed in the corresponding chapters. The changes in soil organic carbon assumed in the
case studies are presented in the Appendix (Table A.14 for the case study in the USA [lowa] and Table A.15
for Germany [Mecklenburg-Vorpommern]).

3.5.7 Summary of emission categories

The elements entailed in each GHG emissions category presented for the mitigation strategies are:

(1) Direct depicts the N,O emissions released by the chemical transformation of the nitrogen cycle
occurringin the soil. It is driven by the use of nitrogen fertilizer and the decomposition of crop residues.

(2) Indirect represents the N,O emissions caused by leaching and volatilization of nitrogen, which are
modified using the adjustment factor. The drivers of this category are the same as for direct.

(3) Liming entails the GHG emissions from the extraction and processing of lime as well as the CO;
released by its use.

(4) Urea entails the CO, emissions from the usage of urea, which results from its chemical composition.
The N,O emissions triggered by nitrogen in the urea are accounted for in the categories direct and
indirect.

(5) Manufacture portrays the GHG emissions from the manufacture of the fertilizers.
(6) Diesel represents the CO, emissions from extraction, refinement and use of diesel for machinery.

(7) Land use represents the soil carbon emissions or sequestration occurring from changes in the
management of the soil.

3.6 Mitigation strategies assessed

The selection of the mitigation strategies evaluated for the Typical Farms in the case studies was conducted
in two stages: compilation of strategies and evaluation of the feasibility to generate representative results.
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Compilation of strategies in scientific literature

The first stage was the compilation of a list of strategies usually discussed in scientific literature. Studies at
farm-level from the regions and crops selected for this project were reviewed first, followed by strategies
not previously assessed or from other regions. In this stage, these are evaluated on the fundamental
principle proposed to mitigate emissions rather than the technical implications. The strategies identified in
the literature® can be divided into whether they focus on reducing nitrogen and fertilizer-driven emissions
or promote carbon sequestration by increasing soil organic carbon.

(1) Reduction of nitrogen and fertilizer-driven emissions:

a. Optimization of nitrogen fertilization rate: The nitrogen rate potentially can be lowered if the
timing of the application is adjusted to better match the requirements of the crop or the number
of passes to spread fertilizer is increased. Precision farming tools can also be utilized to lower the
rate based on the availability of the nutrient.

b. Utilization of organic fertilizer: Manure is discharged into the environment in some parts of the
world or is used inefficiently as fertilizer. This leads to the loss or accumulation of nutrients that
could have been used to fertilize other fields. Improving the usage efficiency of manure would
enable a reduction in the rate of nitrogen and potentially other types of fertilizer as well.

c. Legumes as cover crops: Legumes can be used as cover crops before the cash crop is established.
Legumes biologically fixate nitrogen that can become available to the following crop, which
enables a reduction in fertilizer rate. Moreover, the crop residues of the cover crops can be
incorporated into the soil, promoting carbon sequestration. Moreover, cover crops have the
potential to reduce nutrient losses by taking them up in their structure. These are released when
the residues decompose. The nutrients become available to the next crop, lowering the rate of
fertilizer needed.

d. Enhanced efficiency fertilizers: Chemical additives such as inhibitors can be used with nitrogen
fertilizer. This affects the transformation rate of the fertilizer in the soil, reducing the losses as gas
or via leaching and volatilization. As a result, a greater proportion of the nutrient is potentially
available to the plant, which means that less fertilizer can be applied to provide the same amount
as without the additive.

e. Adjustment of the fertilizer bundle: Nitrogen fertilizers have different carbon footprints from
their manufacture. The bundle of fertilizer used can be replaced by alternatives that entail
reduced emissions per unit of nutrient while maintaining the total rate constant.

(2) Carbon sequestration:

a. Reduction of tillage intensity: The disturbance of the soil via tillage promotes the release of the
carbon contained in the organic matter. Thus, reducing tillage intensity by using shallower soil
management practices or equipment that reduces the share of the soil disturbed can promote
carbon sequestration.

b. Stopping crop residue burning: Residue burning releases N,O and implies the foregone
opportunity to incorporate the crop residues into the soil. Hence, replacing residue burning with

8 The literature used for the elaboration of the list of possible mitigation strategies is: Feliciano et al. (2018); Smith et al.

(2008); Schneider et al. (2007); MacLeod et al. (2015); Wolt (2004); Lal (2004b); Akiyama et al. (2010); Noble and
Christmas (2008); Pellerin et al. (2017); Cerri et al. (2010); Smith et al. (2013); Osterburg et al. (2019); Osterburg et al.
(2013); Petersen et al. (2013); Pérez Dominguez et al. (2020).
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alternative practices that leave the residues on the soil or incorporate them results in carbon
capture.

c. Cover crops: the residues from crops can be perceived as an additional source of biomass. This
promotes an increase in soil organic carbon if incorporated into the soil.

Feasibility to generate representative results in the Typical Farm

The second stage is the evaluation of the feasibility to generate representative results in the context of the
Typical Farms. For this purpose, the complete list of strategies is evaluated in each case study using the
same considerations:

(1) Strategy is part of baseline: This initial evaluation determines whether or not the strategy can be
assumed to be a part of the baseline scenario; e.g., reducing tillage intensity cannot be implemented
if no-till is already the status quo. This aspect is assessed using statistical data and selected interviews,
and is discussed in the focus group.

(2) Participants of the focus group are acquainted with the strategy: the next consideration is that the
participants of the focus group and the scientific partner must have a basic understanding of the
strategy and its implications at the farm level for it to be evaluated properly. This is necessary to
correctly assess the strategy’s challenges; for instance, the availability of inputs or requirements of
machinery. This aspect is considered key to deriving realistic and applicable results.

(3) Availability of scientific data: Additionally, scientific literature, preferably from the region of the case
study, must be available to validate the assumptions necessary for the calculation of the mitigation
strategies. Alternatively, data from regions with comparable conditions will be used. Yet, if not enough
applicable data are found, the strategy is not included, as it is deemed that it cannot be properly
assessed.

(4) Risk of net increase in emissions from reduced yields: A literature review to determine possible
impacts on crop yields resulting from the mitigation strategy is conducted, which is complementary to
the discussion in the focus group. A permanent yield decrease without a respective reduction in
demand would lower global food supply and would entail additional land to be transformed for
agricultural use and/or the existing production would need to be intensified, implying emission leakage
(see chapter 2.4). Taking into account this problem, strategies that result in unavoidable yield
reductions are not considered feasible if data is insufficient to assess the risks of ILUC. The intent is to
prevent a net increase in global emissions from occurring. Nonetheless, in cases in which it can be
estimated that the emission reduction from the strategy on the Typical Farm is larger than the
emissions from ILUC, the strategy is still evaluated in this thesis.

Only the strategies that were effectively assessed in this thesis - that is, they meet these criteria - are
presented and discussed further. The arguments that contributed to the decision not to evaluate the
remaining strategies are shown in the Appendix in Table A.3.

Combination of mitigation strategies

The possibility to combine all the strategies evaluated for a Typical Farm is discussed in this thesis. This
scenario is constructed from the assumptions and results of the individual mitigation strategies.
Consequently, this strategy is not included in the focus group discussion. Nonetheless, this is not considered
to significantly limit the feasibility or the comprehensiveness of the combination of strategies, as the
individual elements are thoroughly discussed in the focus group.
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3.6.1 Mitigation potential and explanation of cases

The formulas used to estimate the mitigation potential are obtained from the literature revised for
compilation of the list of mitigation strategies. Some of the studies reviewed utilized the methodology
provided by IPCC (2019a) as presented in chapter 3.5 for this purpose. However, in other cases, additional
calculations are proposed. These calculations are a supplementary methodology applied only for the
calculation of the specific mitigation strategy. The methodology and its sources as assumed for each
strategy in this thesis are explained in the following respective chapters.

In addition, the implementation of these methodologies requires coefficients for the calculation. While
some are provided in the guidelines from IPCC (2019a), others must be retrieved from scientific literature.
In general, the coefficients portray information that is specific to a crop or region - for instance, nitrogen
supply from biological fixation by legumes as cover crops. Moreover, these coefficients usually are provided
as a range. This range can be interpreted as the variation in the mitigation potential that can be attained
with a specific strategy. To illustrate, the nitrogen fixated by a legume determines the potential to lower
the nitrogen fertilizer rate, which defines the emission reduction. In this case, the highest fixation rate from
the range implies the highest reduction in GHG emissions. Thus, in this thesis, if ranges are provided, they
are used to construct three cases to display the variation in the mitigation potential: standard, best, and
worst.

The standard case represents the average mitigation potential that can be expected with the mitigation
strategy. This is based on the average coefficient as defined by the authors of the study from which the
coefficients are obtained. The best case is constructed using the values from the range that result in the
highest mitigation potential. The worst case is derived from the values depicting the lowest possible
mitigation potential.

It must be noted that defining the three cases with this approach limits their comparability. This is because
the ranges reported in the literature and implemented in this thesis may have been determined using
different approaches that may not be comparable or relevant statistical data may not be reported. Some
variables utilized in the GHG calculation are provided with a statistical distribution; for instance, the values
from IPCC (2019a), which are implemented in this assessment. However, other variables from scientific
literature used in the assessment of the individual strategies are indicated as ranges or unique values
without further clarifications on the statistical description of the data. In these cases, especially if empirical
data is missing, assuming a statistical distribution increases the uncertainty of the emission and cost
calculations (Lee et al., 2017). This limits the possibility to compare the three cases as it is not possible to
systematically assign probabilities to each variable. Consequently, it is problematic to determine the
resulting statistical deviation from the true mean of each mitigation strategy (Lee et al., 2017). As a result,
the cases, as defined in this thesis, indicate only the range of mitigation costs the strategy offers in the
Typical Farm. Nonetheless, the mitigation costs calculated for each case of a strategy as well as across
strategies are compared qualitatively at the of each case study.

3.6.2 Strategies evaluated in the Typical Farms

The general considerations and implications at farm level resulting from the adoption of the strategies are
presented in this chapter. These considerations help understand the decision-making of the participants in
the focus group. Only the strategies that were evaluated based on the criteria previously presented are
covered. The methodology used to estimate their mitigation potential and cases are explained.
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3.6.2.1 Optimization of nitrogen rates

Nitrogen is one of the most important nutrients and limiting factors for the crop’s growth (Kraiser et al.,
2011). Crops take nitrogen up from the soil and utilize it for various metabolic processes. Without enough
of it, they are not able to grow at their potential, which, in turn, reduces yields. At the farm level, lower
yields negatively affect revenue®. Furthermore, higher yields imply that less land is required to supply
sufficient production to satisfy the demand. Therefore, fertilizing with nitrogen is necessary to be
environmentally and economically sustainable (McAllister et al., 2012), which implies that GHG emissions
from nitrogen fertilization are partly unavoidable.

Equivalent to an undersupply of nitrogen, an oversupply has negative consequences to the environment
and the economic performance of the crop, as it increases losses. The rate at which nitrogen will be lost is
determined by the strength of the bounds the soil particle forms with the nutrient (Sollins et al. 1988). The
nutrients arrange themselves in layers around the soil particles, with the outer layers being bound by
weaker links compared with the inner layers .This indicates that the closer the soil is to its saturation point,
the likelier it is to lose the nutrient to the environment. Consequently, the more fertilizer applied in a single
pass, the higher the amount of nitrogen that can be lost as well as increased odds it will be lost (Perakis et
al., 2005), ultimately increasing costs. Therefore, to minimize these costs, growers would theoretically split
their nitrogen applications into as many passes as possible.

However, each pass to apply fertilizer costs diesel and labor, and locks out the possibility to use those
resources in other operations. These total application costs are affected only minimally by the amount of
fertilizer applied per hectare, which is a function of the output rate of the spreading machine and the speed
at which it is conducted. The output speed of the fertilizer spreader can be adjusted to various rates to
compensate for higher or lower speeds. This enables the grower to decide the speed of the pass on the
field. As with cars, a tractor’s engine has a specific range in which its fuel efficiency is the highest, which
determines the tractor’s speed. The speed also determines labor costs for each pass since these are based
on the time that it takes to complete the operation.

The utilization of the machine also generates opportunity costs since it limits the possibility to use it for
other operations. However, to lower the opportunity costs, the grower would need to increase the speed,
which would increase the fuel costs. Hence, applying fertilizer involves costs that can be minimized
regardless of the amount of fertilizer being applied. The grower can perceive them as the fixed costs of each
pass. Consequently, the grower will try to reduce the number of passes to the minimum.

Yet, reducing the number of passes implies that higher rates of nitrogen must be used per application. This
increases the amount of nitrogen that can be lost to the environment, increasing costs and pollution. In an
ideal case, the grower knows how much nitrogen is taken up by the plant and how much is lost. Thus, to
minimize costs, the grower will be inclined to increase the number of passes if the cost of an additional pass
is lower than the nitrogen losses prevented by the additional pass. Still, it is likely that the nitrogen rate
from this economically optimized fertilization plan is larger than what is required to maintain the yields, as
covering the cost of the lost nitrogen is cheaper than an additional pass. Thus, unnecessary N,O emissions
are released since more nitrogen is applied than required by the system. In such cases, it is possible to
mitigate GHG by increasing the number of passes, as this would enable the grower to lower his nitrogen
application rate without negatively affecting yield.

Moreover, growers have the choice to implement precision-farming techniques such as variable-rate
application to increase the efficiency of nitrogen fertilization. For instance, this system could be

® Toillustrate the importance of nitrogen in the economic performance of crops, each dollar that the German Typical Farms
invested in nitrogen fertilizer when growing wheat produced an economic return of 11.53 USD (average values from 2016
to 2019 across all farms).
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synchronized with historic yield maps or nitrogen-sensing technology. These types of technologies have
been widely adopted by farmers in some regions of the world, such as in the USA (Schimmelpfennig, 2016).
Nonetheless, these systems are not available everywhere and their acceptance among producers is
generally low (OECD, 2016). These systems imply additional expenditures that may have low economic
returns (Liu et al., 2006; Gandorfer and Meyer-Aurich, 2017), entail a significant uncertainty regarding the
response of the yield (Morris et al., 2018) and require further know-how. These elements can become
significant barriers to adopting these types of technologies (Paustian and Theuvsen, 2017; Roberts et al.,
2004).

Nevertheless, growers do not usually have precise information on the amount of nitrogen taken up by the
crop and lost to the environment. More importantly, it is not feasible to accurately predict the expected
losses that will occur in the remainder of the growing season. The estimation of the crop requirements
depends on the grower’s know-how regarding the absorption rates of the plant and the effect that the
production strategy has in the system. The amount lost to the environment depends on aspects that are
uncertain at the moment of deciding the fertilization rate, such as weather conditions during the growing
season and the yield (Spangler et al., 2017). Further aspects such as the nitrogen left in the soil from the
previous growing season can be measured with soil sampling or indirectly by sensing the nitrogen content
in the plant to provide the grower with additional information. Still, given the importance of the nutrient
for the crop’s development and the profitability of nitrogen applied, growers are likely to utilize more than
what they estimate the crop needs to cover for unexpected losses.

If this is the case, it would be theoretically possible to mitigate GHG emissions by reducing the fertilizer rate
to cover only the requirement of the crop to attain the expected yield and the soil microorganisms,
eliminating the excess nitrogen (see chapter 2.2). This reduction could be achieved without additional
passes. By maintaining the same number of passes but reducing the nitrogen rate to the required level,
GHG emissions could be reduced, without changing yields. This strategy potentially could reduce costs for
the grower and reduce GHGs from the system, generating a win-win situation.

It also is possible the grower is underestimating the nitrogen his system requires. In this case, increasing
nitrogen rates could indirectly reduce emissions. As explained earlier in this chapter, not using enough
nitrogen depletes the reserves of nutrients in the soil. This reduces the fertility of the soil in the long term
and decreases yields. Considering that the demand for the crop remains unchanged, more land would need
to be converted to arable land, releasing GHG from the associated land use change. Consequently,
increasing the nitrogen rate would increase the emissions from the field, but would avoid the release of
additional emissions from ILUC. Additionally, the higher rate would increase yields, improving the income
of the grower.

Estimation of the reduction potential and cases

Research papers and GHG estimation tools were revised to determine which alternatives are available to
calculate the potential reduction in nitrogen rates. It was revealed that most of the recent literature and
tools utilize the Nitrogen Use Efficiency (NUE) methodology developed by Brentrup and Palliere (2010). To
make the results of this project comparable with other research, this approach therefore was adopted in
this project.

The NUE suggested by Brentrup and Palliere (2010) is based on the calculation of the proportion of nitrogen
that is removed from the system through harvesting of crop parts compared with the total nitrogen supplied
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(Equation 23). The calculation of nitrogen supply and nitrogen removed via harvest is presented in chapter
3.5.1.2.

Nharvest
NUEpgsetine = N— x 100 ( 23 )
supply
NUE: nitrogen-use efficiency (%)
Nharvest: amount of nitrogen exported from the system via harvest (kg N/ha)
Nsupply: sum of nitrogen inflows (fertilizer and biological fixation) available to the crop

(kg N/ha)

The NUE calculated in the baseline scenario is compared with the optimum NUE for the yield obtained in
the Typical Farm. Brentrup et al. (2004) provide NUE values that can be used as a reference for optimum
nitrogen fertilization rate. Achieved without negatively affecting yield, Brentrup and Palliere (2010) mention
that the optimum NUE is between 80% and 90%. They further argue that removing 100% of the nitrogen
supplied is not sustainable because, as explained earlier, soil bacteria also need to be supplied with nitrogen
to avoid soil mining and a part of the nitrogen applied will be naturally lost to the environment. Hence, the
10%-20% necessary to reach 100% NUE represents the share provided to the microorganisms and covers
the natural losses. However, these depend on the bacteria composition, soil and climate conditions,
meaning that an optimum NUE is specific to each location. For each case study, a literature review is
conducted to use location-specific optimum NUE values. If no values are identified, Brentrup et al. (2004)
values will be used, in which case, a NUE of 85% is defined as optimum in the standard case, with 90% and
80% as the best and worst cases. The optimum supply of nitrogen in each case is calculated with Equation
24,

N ] — Nharvest
optimum supply NU Eoptimum ( 24 )
Noptimum supply: optimum supply of nitrogen to obtain the yield expected in the Typical Farm (%)
NUEoptimumt: optimum NUE based on literature (%)

The difference between the nitrogen supply in the baseline scenario and the optimum calculated for each
case indicates the nitrogen reduction potential achievable with the strategy (Equation 25). A preliminary
estimation of the reduction in the fertilizer rate is discussed in the focus group to determine which specific
fertilizer is reduced, in case more than one is applied.

Nreduction potential-NUE — Nsupply - Noptimum supply ( 25 )

Nreduction potential-NUE: nitrogen reduction potential from NUE (kg N/ha)

Theoretically, the nitrogen reduction potential calculated indicates how much nitrogen can be subtracted
from the fertilizer rate without negatively affecting yield, since the approach minimizes the losses.
Nonetheless, a literature review is conducted in each case to validate this assumption.

3.6.2.2 Reduction of tillage intensity

Tillage accomplishes several functions in an arable system. Primarily, this operation is used to prepare the
soil to facilitate seeding and development of the crop. Tillage disturbs the soil by breaking, cutting, mixing
or inverting it (Cannell, 1985). Several layers of soil can be affected by this operation. These are
redistributed, promoting the oxidation of soil organic carbon (Shepherd et al., 2001). As a result, carbon is
released as CO,. The carbon content replenishes via the decomposition of the crop residues since a share
of the carbon contained in the plant’s structures can be incorporated into the soil. Hence, it can be inferred
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that, if the input of carbon from crop residues is held constant and the loss as emissions is reduced, the soil
organic carbon would increase, indicating carbon sequestration. In this regard, decreasing the disturbance
of the soil by reducing tillage intensity can reduce carbon losses. Decreasing tillage intensity can be
understood as utilizing equipment that operates at a shallower depth, leaves a larger portion of the soil
undisturbed, or both.

Carbon sequestration via reduced tillage, especially no-till, has been questioned in the scientific community
(Nicoloso and Rice, 2021; Ogle et al., 2012). Early meta-studies suggested that the potential carbon
sequestration was considerable (West and Post, 2002; Ogle et al., 2005). However, later reviews indicated
that the total carbon content of the soil is not increased if the depth of the soil analyzed is increased (Angers
and Eriksen-Hamel, 2008; Luo et al., 2010; Olson et al., 2014). The authors argue that a reduction of tillage
leads to a redistribution of the carbon, which accumulates mainly in the upper layers, but the net amount
remains unchanged. Nonetheless, current reviews have accounted for more variables and have utilized
larger datasets. They have found that adopting no-till can effectively promote carbon sequestration,
although the potential is indicated to be lower than previous findings suggested (Nicoloso and Rice, 2021;
Bai et al., 2019), although the effect may be negligible under certain conditions (Jacobs et al., 2018). The
effects can differ considerably based on the soil and region considered. Nonetheless, this complex topic
cannot be properly evaluated in this thesis and the prevailing data and approach obtained from IPCC are
utilized. In this regard, these new insights are reflected in the guidelines from IPCC. A comparison of the
coefficients for no-till from the 2006 guidelines with the coefficients from 2019 reveals a reduction in the
carbon sequestration potential of up to 70% for selected regions.

Reducing tillage intensity can have negative implications in crop production. The soil is compacted each
season by interactions specific to the crop, soil, climate and, especially, by agricultural machines (Soane,
1994). A reduction in tillage intensity entails that these compacted portions are broken up to a lesser extent
and, as a result, the soil usually is less loose (Ohiri and Ezumah, 1990). This can cause problems, especially
in establishing the crop. Seeding equipment may not be able to operate efficiently in compacted soils,
generating uneven crop establishment and development, likely hampering yields (Lavoie et al., 1991).
Moreover, the germination of the seeds may be depressed by compaction, also likely lowering yields (Hyatt
et al., 2007). Furthermore, tillage suppresses weed populations. Hence, reducing tillage intensity could
imply the need to increase the application of herbicides (Cannell, 1985; Meade and Mullins, 2005).
Consequently, reducing tillage intensity can entail considerable challenges for the grower.

Nonetheless, reducing tillage intensity also can positively affect yields. Lowering the disturbance of the soil
reduces the risk of erosion, can improve soil structure in the long-term, and increases the water-holding
capacity of the soil (Holland, 2004). Particularly this last aspect can be advantageous in conditions of limited
water supply. The increase in the soil's organic carbon content also can increase soil fertility, leading to
higher yields and more efficient utilization of inputs (Haddaway et al., 2017).

Furthermore, tillage equipment is specialized for the type of operation it accomplishes; hence, using it for
other purposes is not feasible. Reducing tillage intensity can result in the grower no longer needing to
maintain this equipment in its inventory, lowering machinery costs. Tillage, in many cases, is the operation
that demands the greatest power of the tractor. Thus, decreasing tillage intensity, in certain cases, can
enable the farmer to utilize tractors with comparatively less power, further lowering costs. However,
seeding equipment may need to be adapted to the new system, which can imply a replacement of the
equipment or parts of it (Rainbow and Derpsch, 2011).

Shallower operations decrease fuel and labor expenditures as the operations can be conducted in a shorter
time, further lowering costs. Moreover, the decrease in fuel consumption lowers the emissions from the
system.
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Nonetheless, it can be argued that adjusting tillage management entails considerable changes to the farm’s
operations and equipment. In this regard, a significant barrier to transitioning to a lower tillage intensity
can be the grower’s know-how (Jayaraman et al., 2021).

The improvement in soil structure and increase in soil fertility occur gradually over extended periods (Roger-
Estrade et al., 2009). While these changes occur, yields can be comparatively lower due to problems with
compaction. Thus, the farm’s profitability may decrease for multiple seasons before yields recover.
Consequently, the process of transitioning to a reduced tillage intensity is linked to several crop and region-
specific factors the grower must consider.

Estimation of the reduction potential and cases

The methodology from IPCC (2019a) presented in chapter 3.5.6 and often used in research papers is used
to estimate the carbon sequestration potential of reducing tillage intensity.. Following the methodology,
tillage intensity is depicted by a coefficient (Coefiiage) containing three alternatives. In this thesis, the
definitions of these alternatives are based on the guidelines as well as the descriptions by Gebhardt et al.
(1985).

(1) Full tillage: Entails total or partial soil inversion - for instance, via ploughing - as well as the use of
cultivators. Less than 30% of the soil is covered with residues at the time of planting the new crop.

(2) Reduced tillage: No soil inversion occurs. Cultivators and other equipment for shallow operations can
be used to incorporate the residues in the topsoil soil. At least 30% of the soil is covered with residues
from last season.

(3) No-till: No tillage operation occurs and 100% of the residues are left on the surface. Crop is seeded
directly through the residues from last season.

According to the methodology from IPCC (2019a), each tillage intensity from the list corresponds with a
coefficient within a range, which are provided in their methodology. The baseline scenario is calculated
using the average from the range. Similarly, for the mitigation strategy, the standard case is defined using
the average of the range for the tillage intensity defined. The upper value of the range defines the best
case, as this implies the highest increase in soil carbon stock, which implies the highest carbon sequestration
potential. Contrarily, the worst case is constructed using the bottom value from the range because this
depicts the lowest mitigation potential.

The tillage management of the Typical Farm in the baseline scenario is defined in the focus group. The
discussion includes the specific operations to corroborate the allocation based on these definitions. If the
mitigation strategy is feasible, whether the tillage can be changed to reduced tillage or no-till, is determined
with the same approach. In this regard, the machinery affected by the change is characterized. Moreover,
in each case study, a literature review is conducted to validate the feasibility of promoting carbon
sequestration with this approach in the selected region. Likewise, this is also conducted to evaluate possible
impacts on yields.

3.6.2.3 Cover crops and legumes as cover crops

Carbon sequestration in the soil also can be promoted by increasing the input of carbon. Winter cover crops
usually are recommended as an additional source of biomass to the system that can replace winter fallow
(Mazzoncini et al., 2011). The residues can be incorporated into the soil to promote its decomposition and
increase the carbon stock (Poeplau and Don, 2015; Jian et al., 2020; Bai et al., 2019). In the long term, this
improves soil structure, increasing yield stability (Lotter et al., 2003). Additionally, cover crops promote
biodiversity and protect land against erosion (Lal, 2004b) as well as suppress weeds (Snapp et al., 2005).
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Moreover, cover crops can reduce leaching, decreasing nutrient losses — especially nitrogen - from the soil
(Blomback et al., 2003). The nitrogen is absorbed into the plant’s structure and mineralizes, becoming
available when the residues decompose. Thus, this nitrogen can be utilized by the following crop, reducing
the rate of synthetic fertilizer needed (Kuo and Sainju, 1998; Snapp et al., 2005). Additionally, legumes can
be used as cover crops. They biologically fixate nitrogen, further increasing the supply of the nutrient for
the following cash crop (Liu et al., 2011).

However, the added crop residues can negatively affect yields of the next crop because they decrease soil
temperature by blocking sunlight (Tonitto et al., 2006; Stivers-Young and Tucker, 1999). This risk can be
reduced by tilling the residues, yet this operation can be considered additional as it may not be a part of
the baseline. Growers may spray herbicide to terminate the cover crop to reduce the risk of interfering with
the cash crop or becoming a permanent weed in the system (Benech-Arnold et al., 2000), increasing the
expenditure on pesticides. The establishment of the cover crop implies additional seed and seeding
operation costs. All these operations imply added machinery, labor and fuel costs, as well as emissions from
diesel consumption, and may compete with other operations. Hence, using cover crops can increase costs
considerably.

The selection of the cover crop is critical to ensure a successful establishment while minimizing negative
impacts on the cash crop. Cover crops that do not share pests or diseases with the cash crops should be
used. The species should be able to develop sufficient biomass to cover the soil in the time it has to develop.
Climate is particularly relevant in this selection as species prone to die from low temperatures - i.e., suffer
winterkill - can be advantageous because they would not need to be terminated with herbicides. Moreover,
a mixture of plants with complementary characteristics can be used instead of a single species. Legumes
can fixate nitrogen, but their seeds are comparatively more expensive and have a limited potential to
generate biomass (Snapp et al., 2005). The equipment of the grower is also a deciding factor, as it may not
include a seeder compatible with the cover crop. Similarly, the farmer may not know how to manage cover
crops, or the specific species adopted. It can be inferred that the decision of which cover crop to use is
governed by a series of complex factors and interactions.

Estimation of the reduction potential and cases

Cover crops offer two possibilities to mitigate emissions that can occur simultaneously: carbon
sequestration and a reduction of the nitrogen rate. The methodology shown in chapter 3.5.6 obtained from
IPCC (2019a) is used to calculate the carbon sequestration potential. The methodology uses coefficients
(Coefinput) depicting the input of biomass to the soil. Four different alternatives are presented, adapted from
the guidelines:

(1) Low: Residues from annual crops are removed from the field or burned. No synthetic fertilizer is
applied.

(2) Medium: Residues from annual crops are left on the field or incorporated. Synthetic fertilizer is
applied.

(3) High without manure: Same as medium but with an additional input of biomass via cover crops or
irrigation of the cash crops.

(4) High with manure: Same as high without manure but with a regular application of manure.

The definition of the standard, best, and worst cases is based on the ranges provided by IPCC (2019a) for
each coefficient, as already explained in chapter 3.6.2.2.

The mitigation potential from a reduction of the nitrogen rate is the result of two possibilities: the prevented
losses as leakage and the biological fixation from legumes. Levels of nitrogen the cover crop absorbs and
makes available to the following crop as well as the biological fixation by the legume are obtained from
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scientific literature. The three cases are based on the ranges provided in the studies: The standard case is
the average of the range; the best case implies the highest potential nitrogen prevented from leaching or
fixated by the legume; and the worst case, the lowest prevention or fixation potential. The nitrogen
provided to the cash crop from either possibility is reduced from the synthetic fertilizer rate, which is
selected in the focus group.

The adjustment factor (see chapter 3.5.1.2) is not affected by the reduction in the nitrogen fertilizer rate.
Nitrogen from the avoided leaching and biological fixation is assumed to replace the fertilizer, indicating
that the total nitrogen input remains unchanged.

3.6.2.4 Enhanced-efficiency nitrogen fertilizers

Enhanced-efficiency fertilizers can be understood as nitrogen fertilizers treated with additives to control
the speed of release of the nutrient or to modify the reactions that occur in the soil (Halvorson et al., 2014).
According to Akiyama et al. (2010), there are three main types of additives that differ in their function:
nitrification inhibitors, urease inhibitors and slow-release coating. There are several alternatives within each
additive but they all pursue the same objective, which is to increase the availability of nutrients to the crop
by reducing losses.

The use of enhanced-efficiency nitrogen fertilizer can decrease nitrogen losses from various pathways. In
general, they lower the losses via leaching, emissions as N2O and volatilization as NH3 (Akiyama et al., 2010;
Li et al., 2018; Thapa et al., 2016; Wolt, 2000). The effect on each source of losses depends on the type of
enhanced fertilizer and on the specific formulation of the additive. Thus, two different urease inhibitors
may alter nitrogen losses differently. It also is possible to combine several additives of the same or different
types. Factors such as the form of nitrogen contained in the fertilizer, crop, soil and climate are equally
relevant in the effect of the additive on losses (Thapa et al., 2016; Li et al., 2018).

In principle, additives reduce losses by affecting the transformation rate of nitrogen in the soil, which could
be understood as a direct increase in the supply for the crop. Hence, if the supply of fertilizer is not
sufficient, the additives can increase vyields by increasing availability. However, decreasing the
transformation rate may have the opposite effect, limiting the timely supply for the plant and hampering
the crop’s development. Nonetheless, the exact effect on yields depends on multiple factors.

Overall, enhanced-efficiency fertilizers are not usually used by growers as they rarely observe an
improvement in the yields (Guertal, 2009; Timilsena et al., 2015). Hence, although their adoption on the
farm does not require considerable technical adjustments as it is likely that the existing equipment and
operations can be maintained, the additives are perceived as an unnecessary cost.

Depending on the circumstances, the use of enhanced-efficiency fertilizer can increase pollution. Assume
that the nitrogen applied is either exported as harvest or lost to the environment. If the additives result in
lower yields, the nitrogen that no longer is exported due to the reduced yield must be lost. This signifies
comparatively more leaching or emissions. Alternatively, the additives may not have any significant effect
on the system overall, suggesting that the losses and yields are the same as without them. If yields are not
affected, the additives could generate pollution swapping (Drury et al., 2017) - a term that describes an
increase in the nitrogen losses in one pathway as a result of mitigation of another one (Stevens and Quinton,
2009). For instance, assuming yields are unchanged, the nitrogen that no longer is lost as leaching because
of an inhibitor must be lost via volatilization or emissions. Consequently, it can be assumed that if no change
in yields occurs, the utilization of the additives should be paired with a reduction in the nitrogen rate (Li et
al., 2018). The reduced rate generates the need for the additional supply derived from the additives.
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Estimation of the reduction potential and cases

No applicable approach that included a comprehensive integration of the changes in the losses via
emissions, leaching and volatilization as well as in yields could be identified in literature. Therefore, the
approach used in this thesis is based on previous assumptions presented in the methodology and this
chapter.

By the indication from Li et al. (2018) previously presented, the nitrogen rate should be reduced when the
additives are used. Equation 26 is used to calculate the nitrogen reduction potential in the case studies,
which is the sum of the reduction achieved by the additive in each of the losses evaluated.

Nreduction additive = Nadditive-n2z0 + Nadditive-vor + Nadditive-L ( 26 )
Nreduction additive: total nitrogen reduction from additive use (kg N/ha)
Nadditive-N20: reduction of nitrous oxide emissions from additive use (kg N/ha)
Nadditive-volatilization’ reduction of nitrogen volatilization from additive use (kg N/ha)
Nreduction additive: reduction of nitrogen leaching from additive use (kg N/ha)

Equations 27 to 29 are based on the methodology presented in chapter 3.5.1 obtained from IPCC (2019a)
and are used to calculate the respective reductions of each loss.

Nagaitive-n20 = N20-N X ARp>0 (27 )
Nadgitive-vor = (Nyor X AF) X ARyoy ( 28 )
Nogditive-1 = (N X AF) X AR, (29 )
N,O-N: amount of nitrogen released as nitrous oxide (kg N2O-N/ha)
ARNz0: reduction of nitrogen losses as nitrous oxide from additive use (%)
NvoL: amount of nitrogen lost from the soil via volatilization (kg N/ha)
AF: adjustment factor for losses as leaching and volatilization in the Typical Farm
ARvoL: reduction of nitrogen losses as volatilization from additive use (%)
Ni: amount of nitrogen lost from the soil via leaching (kg N/ha)
AR.: reduction of nitrogen losses as leaching from additive use (%)

The data from the baseline scenario are used for the calculation of the equations. The reductions of the
losses from additive use (ARn20, ARvoi, ARL) are obtained from scientific literature. If ranges are provided,
the average value is used to depict the standard case. The upper value is used for the best case, as it depicts
the highest reduction. The bottom value is used for the worst case because it indicates the lowest reduction.
Literature reporting the changes in these three sources of losses is evaluated first. However, if no single
source reporting on these three elements is identified, further applicable sources are incorporated into the
equation. Thus, the estimation of the total nitrogen reduction can be the result of several different sources.
The additives used in the Typical Farm are discussed in the focus group.

Fundamentally, it is assumed that the nitrogen reduction calculated does not affect yields. The added
nitrogen from the reduced losses implies that the crop has the same supply of nitrogen as without the
reduced rate. Nonetheless, this assumption is validated with a review.
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3.6.3 Combination of strategies

The possibility to combine two or more mitigation strategies reveals the total GHG mitigation potential
achievable in the Typical Farm for the crop selected and its associated costs. This supports the
understanding of the total contribution toward climate change mitigation that can be expected from this
sector. Moreover, assessing the combined effect of several strategies tackles a considerable short-coming
in scientific literature, as this alternative is rarely analyzed (see chapter 2.4).

Evaluating the simultaneous implementation of the strategies is necessary as their assumptions or results
may not cumulate. Synergies among elements of the strategies, potential incompatibilities or
interdependencies may exist (MaclLeod et al., 2015; Rotz et al., 2005; Samsonstuen et al., 2020; Teshager
et al., 2017). For instance, a mitigation strategy may imply an additional farm operation that may compete
for machinery with other strategies, but they can be combined in a single pass, lowering costs. Therefore,
it is necessary to assess the joint implementation of the strategies to reveal these aspects (Schneider and
McCarl, 2006; Kesicki and Strachan, 2011; Kesicki and Ekins, 2012).

Estimation of the reduction potential and cases

The evaluation of the combination of strategies begins with an assessment of the main changes of each
individual strategy to identify limitations to their joint implementation. Farm operations, tillage and crop
residue management are critically discussed at this stage as these are key in the definition of compatibility.
The general possibility to combine the strategies into one or more scenarios is decided on the basis of this
evaluation.

The interactions in the resulting combination of strategies assumed are analyzed next. Selected
characteristics from the individual strategies are compared. This determines the possible differences that
may arise from the joint implementation. To illustrate, two strategies affecting nitrogen rate may be only
partially summable; thus, the resulting reduction may be smaller than the sum. The comparison includes
not only alterations to the mitigation potential but also farm operations and input usage. The
methodologies from the individual strategies, as explained in the corresponding chapters, are utilized to
calculate the reduction in the combination. Only instances in which interactions may occur are discussed in
this stage. Hence, the changes from individual strategies not presented in the combination are assumed to
be unaffected.

3.7 Calculation of mitigation cost

The calculation of the mitigation costs resulting from the implementation of the mitigation strategy is
obtained with Equation 30 (UNEP, 1998).

COStSstrategy - COStsbaseline

Mitigation cost = GHG pserine — CHGorategy %X 1,000 ( 30 )
Mitigation cost: cost to reduce one ton of GHG emissions (USD/t CO2eq)
CostSstrategy: cost in the Typical Farm with mitigation strategy (USD/ha)
CostSspaseline: cost in the Typical Farm in baseline scenario (USD/ha)
GHGpaseline: GHG emission in baseline scenario (kg COzeq/ha)
GHGstrategy: GHG emission with mitigation strategy (kg CO2eq/ha)

The mitigation costs are presented at the end of each chapter evaluating the strategies. At the end of each
case study, all the mitigation costs are compared as well as additional features.
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Considerations regarding the adoption of the strategy

The discussion of the strategies in the Typical Farm also entails an assessment of context-specific
alternatives to promote their adoption. Monitoring and policing of the strategies are also presented, as well
as mechanisms to enforce their adoption. This discussion is conducted at the qualitative level, taking into
consideration political and socioeconomic backgrounds. This discussion is presented with the mitigation
cost.

Comparison of results from Typical Farm with literature

The mitigation potentials and costs calculated in this thesis are contrasted with results from literature to
provide a reference to determine how they compare. As previously presented, the emissions from crop
production and the mitigation strategies depend on crop, soil and climate factors. Thus, the mitigation
potentials and costs from the literature reviewed and presented in the comparison are from studies
reflecting conditions comparable to the respective Typical Farm. In this regard, the criteria are that the crop
and the region must coincide. If no comparable results are identified, studies from similar regions or
generated using a larger scale (e.g., national) are considered.

The studies and reports used in this comparison may have different assumptions, system boundaries and
overall methodologies and do not necessarily match the specifications used in this thesis. Therefore, an
exact comparison is not possible, yet it still provides a reference point. Nonetheless, the critical differences
between the findings from literature and this study are presented.

Only studies that analyzed farm-level mitigation strategies are considered for the comparison. This includes
individual strategies calculated in the context of bottom-up MACCs, since these upscale the results from
farm-level calculations (see chapter 2.4). Furthermore, the comparison is based on the approach proposed
to abate emissions (as explained in chapter 3.6.2) rather than on the specific implementation. For instance,
the mitigation costs from oats as cover crops to sequester carbon on a Typical Farm can be compared with
another study utilizing rye.

Nonetheless, literature in this regard is scarce and it is not possible to make a comparison for each case.
Thus, only the strategies for which a comparison was possible are presented. The comparison is presented
at the end of the assessment of each mitigation strategy estimated for the Typical Farm.

3.8 Definition of time horizons for policy advice

The mitigation strategies from each case study are ranked based on their mitigation cost. In the case of
strategies that entail a transition and a stable stage (see chapter 3.5.6), a weighted average for a 100-year
period is calculated (20-year transition period and 80-year stable stage). The transition stage of 20 years
depicts the short-term perspective in which carbon sequestration occurs and the 100-year average, the
long-term. This value is used solely to facilitate the comparison of the mitigation strategies since it is not
within this project’s scope to make inferences regarding possible changes that may occur in this period. This
100-year period is chosen as it is usually used by IPCC in various projections - e.g., future trends in
temperatures presented in Assessment Reports (IPCC, 2007, 2013) and their calculation of selected
coefficients, including the GWP. The comparison of the results across the case studies shown in chapter 7.1
is also divided into short- and long-term perspectives utilizing the same approach.
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3.9 Summary of approach in each case study

The same chapter structure and division are used in case studies. Each case study is introduced by
presenting the general assumptions such as the exchange rate assumed for the cost calculation. The topic
of each subchapter is:

Subchapter 1 presents the rationale to select the region within the country where the Typical Farm for the
case study is located, following the criteria presented in chapter 3.1

Subchapter 2 briefly describes the climate in the region of the case study.

Subchapter 3 discusses agricultural production in the region and selected key features pertinent to the
mitigation strategies. Aspects such as market structure and relevant policies and regulations governing
arable farming are presented.

Subchapter 4 introduces the Typical Farm and evaluates its representativity in the regional context. The
composition and realization of the focus group are explained (Chapter 3.4)

Subchapter 5 describes the assumptions used for cost and emissions calculations (Chapter 3.5). This is
followed by the discussion of the individual mitigation strategies (Chapter 3.6) assessed by the focus group,
and afterward, the presentation of the mitigation costs (Chapter 3.7) and considerations on the adoption,
policing and enforcement of the strategies. The results of the Typical Farm are compared with findings from
previous studies.

Subchapter 6 evaluates the possibility to combine the strategies and the limitations that may exist in that
regard (Chapter 3.6.3). The costs and emissions of the combination of mitigation strategies are then
evaluated.

Subchapter 7 ranks the mitigation strategies based on the costs.
Subchapter 8 presents the summary and the main findings of the case study.

Some approaches, concepts and assumptions are applicable in more than one case study. These are
explained only in the first instance they are used. Thus, in all further occurrences, they are only mentioned
and an indication to the chapter with the complete discussion is provided. In case there are differences in
assumptions or other concepts, these are discussed again.



46 Chapter 4 Case study 1: USA - Corn in lowa

4 Case study 1: USA - Cornin lowa

As presented in chapter 3.1, USA has been selected as one of the case studies based on its worldwide
relevance as a corn producer and the presence of scientific partners cooperating with agri benchmark Cash
Crop. This chapter introduces the assessment of each mitigation strategy for this Typical Farm, including
the discussion of it in the focus group and the literature analysis used to validate the assumptions necessary
for the calculation of the results.

4.1 Selection of the region

For the selection of the specific region within the USA where the case study takes place, the same criteria
used for the selection of countries is applied. The fundamental idea is to choose a region where a significant
share of the national production of corn is concentrated. The availability of members of the agri benchmark
network (and respective farm data about the current production system) and their interest in cooperating
in this project also were considered in the selection process.

Given that the country is divided into states and that most statistical data is presented at least at a state
level, the preliminary selection of the study region for the Typical Farm is conducted based on state-level
information. The USDA (2020) reports that the top three corn-producing states on average between 2017
and 2019 were lowa with 17.9%, lllinois with 14.8%, and Nebraska with 12.1% of the total national
production. Based solely on the principle of selecting a region that is relevant for the national production
of corn, lowa would be the selected state for the case study to be conducted.

With respect to having the support of local members of the network, agri benchmark has cooperated with
experts from lowa State University in the past. Furthermore, since 2008 they have been providing
information for a Typical Farm located in northern lowa. Given the relevance of lowa as a corn-producing
state and the scientific support that agri benchmark has in this state, the case study is conducted here.

4.2 Climate

Table 4.1 presents a summary of temperatures and precipitation for lowa. Most of the rainfall is
concentrated between May and July. Temperatures between December and February, on average, are
below 0 °C and snow falls between the months of October and April. On average, the state receives 90 cm
of snow between November and April, with 75% falling between the months of December and February.
Frost can occur between late September and early May (lowa State University, 2020). Due to the low
temperatures in winter, it is common that the soil freezes from late November until February.
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Table 4.1 Climatic data in lowa (2010-2018)
Month Temperature (°C) Min. Temp. (°C) Max. Temp.(°C) Monthly rainfall Number of Rain
(mm) Days
Jan -5.3 -9.8 -0.6 25.4 7.5
Feb -2.8 -7.3 2.3 32.5 7.8
Mar 3.9 -1.3 9.4 58.4 9.7
Apr 10.8 5.1 16.8 98.0 11.2
May 16.7 11.2 22.4 120.4 12.5
Jun 22.1 16.7 27.6 125.5 11.5
Jul 24.6 19.3 29.8 1135 10.1
Aug 23.4 18.2 28.8 104.9 9.1
Sep 18.6 129 24.5 77.5 8.4
Oct 115 6.1 17.3 67.1 8.9
Nov 3.9 -0.8 8.8 55.6 8.3
Dec -3.4 -7.8 1.1 36.1 8.4

Source:NOAA (2020)

4.3 Background and key features of arable farming in lowa

lowa is the largest exporter of grain corn from all states (USDA, 2021a). The state, on average, had
9.8 million ha dedicated to cropland from 2017 to 2019, approximately 70% of the state’s total land.
According to the USDA (2020), corn acreage in 2019 was approximately 5.5 million ha. The crop is grown on
56% of the state’s cropland followed by soybeans with 3.8 million ha or 39% of the cropland. About 2% of
the land is dedicated to the production of hay and corn silage and the rest is divided among crops with small
shares such as oats and sweet corn.

The high share of corn and soybeans in the state’s cropland represent the most common crop rotation
practiced in lowa: corn followed by soybeans, each as an annual crop. The most usual alternatives to this
crop rotation are corn-corn-soybeans and continuous corn rotations, options which have become more
popular in the state over the past years because of relatively high corn prices as a consequence of increased
demand for corn as feed and for ethanol (Al-Kaisi et al., 2015).

The national government in 2005 introduced a law making the blend of ethanol into vehicle fuel mandatory.
This led to the construction of ethanol mills, which created a new source of demand for corn. Since its
introduction, the national demand for corn for ethanol quadrupled between 2005 and 2019 (USDA, 2021b).
It is estimated that this sector currently consumes approximately 50% of the state’s total production of corn
(U.S. Energy Information Administration, 2020) In this regard, lowa is the nation’s biggest producer of
ethanol, generating approximately 26% of the country’s supply in 2019.

On average, corn’s acreage increased between 2000 and 2019 by approximately 13%, while soybeans’
acreage decreased by 12% during the same period (USDA, 2020). However, this trend has not been constant
across all years as in some cases the acreage of soybeans increased. The changes in acreage are presented
in Figure 4.1.
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Figure 4.1 Acreage of corn and soybeans in lowa from 2000 to 2019
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Another relevant driver of this change in acreage has been the yield developments of these crops. Plant
breeding, better management and production practices have increased corn’s yield proportionally greater
compared with soybeans over the past years (Fischer and Edmeades, 2010). In the early 2000s, the yield
ratio for soybeans-corn was 1:3, that is, for each ton of soybeans grown, three tons of corn could be
produced instead. Based on the averages from 2018 and 2019, the yield ratio has increased to 1:3.6 (USDA,
2020).

Hofstrand (2020a, 2020b) provides an estimation on the average production costs of soybeans and corn in
lowa. He estimates that between 2000 and 2019, these costs increased by 58% for soybeans, but only 46%
for corn production.

For the same period, and taking the year 2000 as baseline, the average annual increase in the price was
6.6% for corn and 6.2% for soybeans (USDA, 2020). This means that the price of corn grew comparatively
more than the price of soybeans. Consequently, the less-than-proportional increase in the production costs
of corn compared with soybeans, paired with an over-proportional increase in the price and yield of corn,
made the production of corn more profitable, which has further promoted its production in the region.

4.4 Typical Farm and focus group

The preexisting Typical Farm is used as a baseline for the discussion in the focus group. Adjustments to the
baseline scenario as well as changes required for the mitigation strategies follow the approach explained in
chapter 3.4.1.

4.4.1 Typical Farm and its representativity

To assess the representativeness of the Typical Farm and the results generated in the focus group
discussion, publicly available survey data and reports are presented here. As explained in chapter 3.4,
Typical Farms are not representative in the statistical sense. This means they do not necessarily represent
the statistically average farm, but rather depict a farm that produces the bulk of the products.
Consequently, differences between statistical data and agri benchmark data can be expected.
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Nevertheless, an initial comparison as a reference could be made based on the size of the farm. According
tothe USDA’s Agricultural Census (2020), the average farm size in lowa is 145 ha, compared with the 728 ha
of the Typical Farm. However, USDA’s value includes all types of farms, not just full-time managed, arable
farms, as is the case with the Typical Farm. Since livestock and horticultural farms usually are smaller in land
size than arable farms, their inclusion in this statistic distorts the interpretation of this value. Nonetheless,
the USDA’s Agricultural Census reports the acreage harvested and divides it into different farm sizes. In this
statistic, the Typical Farm belongs in the category of farms that operate between 614 and 1,018 ha (1000
to 1,999 acres). This farm size category operates the largest share of all farm size classes, managing
approximately 25% of lowa’s total arable acreage. The combined size classes of smaller farms manage in
total 53% of the total arable land, while larger farms operate 21%. No information is provided on the
average yields for each segment. In this regard, assuming there are no significant differences within or
between the segments, it can be inferred that the Typical Farm belongs to a size category that produces a
considerable share of lowa’s total crop production.

The Typical Farm is operated under a reduced tillage system. Statistical data indicates that 43.3% of the
acreage in lowa is under this tillage regime, 35.1% is operated as no-till, and only 21.5% as conventional
(USDA, 2020). Hence, in terms of tillage management, the Typical Farm belongs to the most common
category.

The crop rotation is corn—soybeans, which is common in this state based on the Agricultural Census (USDA,
2020). lowa State University (2016, 2017, 2018) provides estimations of yields based on data from the
USDA’s Agricultural Census and of agricultural inputs based on their calculations. These estimations are
based on data from the entire state. For this comparison, the data is averaged for the 2016-2018 period.
The average is used to depict a “normal” year in the focus group discussion.

Table 4.2 Comparison of Typical Farm with estimations from lowa State University
Corn Soybean
Typical Farm  Estimation Difference* Typical Farm Estimation Difference*
Yield (t/ha) 12.7 12.6 0.8% 3.8 3.7 3.0%
Seed (USD/ha) 2454 299.8 -18.1% 127.7 130.4 -2.0%
N (kg/ha) 180.8 146.8 23.1% 0.0 0.0 0.0%
P20s (kg/ha) 79.6 84.1 -5.3% 48.3 49.3 -2.1%
K20 (kg/ha) 63.4 67.3 -5.7% 91.7 93.0 -1.5%
:"Uesrg'/cl::‘; 75.7 81.1 6.6% 90.6 89.4 1.3%

*Considers the estimation as the reference point to compare it with the Typical Farm.
Source: own estimation based on data from agri benchmark agri benchmark Cash Crop (2022) and lowa State University
(2016, 2017, 2018).

Table 4.2 shows that the yields obtained by the Typical Farm are close to the yields reported by the Census
(USDA, 2020). The Typical Farm spends approximately 18% less on seeds for corn compared with the
estimated costs. Since the census does not provide detailed information on traits or other characteristics
other than whether or not it is transgenic, it is not possible to explain this difference.

Nitrogen use in corn production by the Typical Farm is 23% higher than in the estimation. However, this
estimation is partly based on the values reported by the USDA’s Agricultural Survey, which considers only



50 Chapter 4 Case study 1: USA - Corn in lowa

commercial fertilizer, including purchased manure®. Hence, manure produced in the grower’s operation is
not considered in this statistic, indicating that a share of the nitrogen applied is missing in the estimation.
In the case of lowa, it was estimated that livestock production in 2012 generated enough manure to cover
30% of the state’s total nitrogen requirement for corn production (Andersen and Pepple, 2017). This
manure must be applied to the field, or the grower risks having to pay fines. Since phosphorus and
potassium also are present in the manure, the same problem is valid for these nutrients. Therefore, it can
be inferred that corn production in lowa received a significant dosage of fertilizer that is not reflected in
USDA’s Agricultural Survey, which was partly the base used for the estimation. Therefore, a comparison of
the use of fertilizers between estimation and the Typical Farm which, by definition, includes all fertilizers
used and not just purchased ones, is not adequate.

The difference in the cost of herbicides is small, with the Typical Farm spending a little less than the
estimation. No details on the dosage or active ingredients are provided; hence, no further assessment is
possible. Neither the Typical Farm nor the estimations report the use of any other crop care product besides
herbicides; therefore they are not presented.

The differences between the estimation from lowa State University and the Typical Farm can be considered
critical, especially because their estimation of nitrogen rate is partly based on data that does not necessarily
consider all the nitrogen applied. This discrepancy in fertilization limits the assessment of representativity
of the mitigation strategies, as fertilizer plays a central role in GHG mitigation strategies. Nonetheless, in
the absence of more detailed data, it is not possible to derive further inferences and the representativity of
the results is provided by the members of the focus groups that operate in the region selected.

4.4.2 The lowa focus group

The focus group took place in July of 2019, and it was composed of six growers, an agricultural consultant,
the scientific partner responsible for the Typical Farm in lowa and the researcher conducting this project. A
literature review was conducted in preparation of the discussion. The first step was the presentation of the
project to the participants to explain the objective of the research project and the goal of the focus group
discussion.

The second step consisted of discussing the Typical Farm. For this purpose, the preexisting Typical Farm in
lowa from agri benchmark’s dataset was used as a base. An average of the data from 2016 to 2018 was
used to describe a “normal” year. Key elements regarding inputs, yields and agricultural operations were
presented and discussed with the participants. The outcome of this discussion was that the data of the
Typical Farm already depicts a common farm in this region, confirming the conclusion from chapter 4.4.1.
This data was considered the status quo for the region and the starting situation from which the mitigation
strategies were discussed.

The last step of the focus group consisted of discussing the mitigation strategies for corn production. For
each strategy, the changes in inputs, yields and farm operations necessary for the implementation of the
mitigation strategy were discussed in depth. The possible effects on the rest of the crop rotation were
evaluated as well. Additional factors such as availability of inputs or technical knowledge were included in
the discussion. Each strategy was discussed until an agreement was reached among all the participants.
Targeted interviews and visits were conducted to further discuss aspects that help understand the context
and implications of the strategies. A literature review was conducted to compare results and validate the
data.

10 |t was not possible to find statistics on the value or volume of manure traded in the state. Consequently, it is not possible
to infer the share of manure traded at state-level. In this regard, the focus group commented that they are not aware of
any supplier of commercial manure.
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4.5 Mitigation strategies analyzed

In this chapter, the implications at the farm level of each GHG reduction strategy for corn production on
the Typical Farm in lowa are presented and discussed. The GHG mitigation strategies are assumed to be
implemented independently from each other. Hence, each strategy is assessed individually in its own
chapter. This individual assessment is compared against the baseline scenario and assumes that none of
the GHG mitigation strategies discussed is being used. Therefore, the implications and results of each
strategy are applicable only for the chapter in which it is discussed and are not valid for subsequent
mitigation strategies. The possibility to combine strategies and their implications are presented in chapter
4.6. A comparison of the results from all strategies assessed in this case study is presented in chapter 4.7.

For each strategy, the changes in the costs derived from the adjustments needed to implement the GHG
mitigation strategy are calculated and explained. The corresponding GHG reduction potential per hectare
and per ton of product are estimated as well. The results per ton of product are presented only if the
mitigation strategy has an effect on the yields. Otherwise, these results are presented only in Appendix B,
as they would not portray additional information compared with the results per hectare. The reduction in
the emissions per hectare, along with the change in costs, are used to calculate the GHG mitigation cost per
ton of COs.

The strategies are assigned a code composed of two elements: initials to denote the country and a number.
The baseline scenario is assigned the number zero, hence, this scenario for the Typical Farm in lowa is coded
as US-0. The codes for each strategy are shown in the title of the chapter for the mitigation strategy.

The detailed costs and GHG emissions of the Typical Farm are presented in chapter 4.5.1, which shows the
baseline scenario (US-0). In the tables presenting the results of the strategy assessed, only the categories
of costs and emissions that are affected by the strategy are kept disaggregated. All the categories that are
not affected by the mitigation strategies are grouped in the category named “remaining.” Consequently,
this category entails the elements that are the same as in the baseline scenario.

Each strategy is calculated using a standard, best-case and worst-case calculation. These cases vary on the
assumption of the GHG mitigation potential attainable with the implementation of the strategy. The three
cases are presented in the tables showing the results in costs and mitigation potentials. This also implies
that the mitigation costs are estimated using the three cases. Appendix A contains the tables presenting
the assumptions used for the calculation of the mitigation costs in this case study™.

4.5.1 Status quo - baseline scenario (US-0)

The Typical Farm in lowa, as confirmed by the focus group, depicts the prevailing status quo in terms of
input use, input costs, farm operations and yields for corn production for the region. This data is used to
determine the GHG emissions from the current system. The mitigation strategies are compared against the
status quo to determine the reduction potential of GHG emissions and the associated costs.

The costs of corn production in the baseline scenario are shown in Table 4.3. Some mitigation strategies
implemented in corn affect soybean production; hence, the costs of this crop are shown as well. These are
the costs against which the changes resulting from the implementation of the mitigation strategies are
compared.

11 |nput costs are presented in Table A.1, coefficients for the GHG calculation in Table A.2, inputs used in corn in Table A.7,
inputs used in soybeans in Table A.8, description of machinery in Table A.11, and farm operations in Table A.13.
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Table 4.3 Costs of corn and soybean production for Typical Farm in lowa (USD/ha)
Corn Soybean
Seed 245 128
Fertilizer 245 100
Pesticides 76 69
Liming 0 0
Diesel 48 22
Labor 37 20
Machinery 357 267
Contractor 0 0
Total 1,008 606

Source: own estimation.

In total, the production costs are calculated as 1,008 USD/ha for corn and 606 USD/ha for soybeans. The
machinery cost is obtained from the preexisting Typical Farm already included in agri benchmark’s
database, which is calculated as indicated by Nehring (2011). Thus, this value is not obtained from the focus
group from this case study but is still provided as an indication of the average farm-level machinery costs in
lowa. Nonetheless, the changes in machinery costs resulting from the implementation of the GHG
mitigation strategies are calculated as described in chapter 3.4.1. Under the current system, the Typical
Farm does not use agricultural contractors for any operations. Therefore, it has no costs in this category.
Similarly, the Typical Farm does not apply lime in this scenario.

Emissions per hectare in the baseline scenario

As explained in 3.5.1.2, the indirect emissions are modified using an adjustment factor. This factor is applied
to change the nitrogen losses estimated by IPCC (2019a) so the total nitrogen removals and losses match
the nitrogen available in the system. Along with the application of fertilization, nitrogen fixation by legumes
is considered as a nitrogen input available in the system. In the case of soybeans, based on the meta-analysis
by Ciampitti and Salvagiotti (2018), it is estimated that soybeans fixate 59 kg N/t harvested®. The yield
reported by the Typical Farm is 3.8 t/ha; hence, the crop is assumed to fixate a total of 224 kg N/ha. Since
no further nitrogen is applied, this value represents the total nitrogen available. To determine the nitrogen
removal of soybeans, the same yield is used but the moisture content, which is assumed to be 13%, is
deducted to obtain the crop’s dry matter. It is assumed that the dry matter of soybeans has a nitrogen
content of 6.6% (Ciampitti and Salvagiotti, 2018). This results in a removal of 218 kg N/ha.

In corn, the supply of nitrogen is provided only by the anhydrous ammonia, which totals 181 kg N/ha. Based
on Cérdova et al. (2019), it is assumed that soybeans’ nitrogen fixation does not leave a nitrogen credit that
corn can take up. Sawyer and Mallarino (2008) report that the average nitrogen content in the grainis 1.31%
of the dry matter. The moisture of the grain is 15.5%, based on the focus group. Considering a yield of
12.7 t/ha and subtracting from that value the moisture content, 140 kg N/ha are removed from the system
via harvest. The moisture and nitrogen content assumed are intrinsic to the crop and are not affected by
the mitigation strategies. Consequently, the values used in the baseline scenario (US-0) are valid for all the
strategies analyzed in the Typical Farm in lowa.

For the estimation of the emissions from the categories direct and indirect with IPCC’s (2019a) approach,
the climate zone from the region of the Typical Farm is needed. Based on Sayre et al. (2020), the climate is

12 Ciampitti and Salvagiotti (2018) determine soybean yield (13% moisture) as a function of the nitrogen fixation rate. Each
kilogram of nitrogen fixated generates a yield of 17 kg of soybean. This is equivalent to 59 kg of N fixated in the soil per
ton of soybean produced.
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assumed as Cool Temperate with a Moist regime. Table 4.4 presents the emissions of the Typical Farm in
the baseline scenario.

Table 4.4 Emissions from corn and soybeans for Typical Farm in lowa in baseline scenario
Corn Soybean
Hectare Product Hectare Product
(kg CO2eq/ha) (kg CO2eq/t) (kg CO2eq/ha) (kg COzeq/t)

Direct 1,647 130 133 35
Indirect 200 16 35 9
Liming 0 0 0 0
Urea 0 0 0 0
Manufacture 606 48 59 16
Diesel 245 19 111 29
Land use 0 0 0 0
Total 2,698 213 338 89

Source: own estimation.

A summary of the elements entailed in each emission category is presented in chapter 3.5.7. The total GHG
emissions of corn in the baseline scenario are 2,698 kg CO.cq/ha. For soybeans, the emissions are
338 kg COzeq/ha. Given that the farm does not use lime or urea in either crop, the emissions from these
categories are zero. The Typical Farm has been operated with the same tillage regime and input of biomass
for longer than 20 years. Consequently, following IPCC (2019a) methodology, it is assumed that there is no
net change in the carbon content of the soil (see chapter 3.5.6). Thus, no emissions from land use are
calculated.

4.5.2 Optimization of nitrogen rate (US-1)

Optimizing the nitrogen application rate can reduce emissions from the soil by decreasing the fertilizer
input, reducing the emissions from its production. The potential reduction in the rate can be calculated
using the NUE and comparing it to the current fertilization rate. To calculate the NUE, it is necessary to
determine the nitrogen removal via harvest. As shown in 4.5.1, for corn, it is estimated that 140 kg N/ha
are removed. Currently, the fertilization rate of nitrogen is 181 kg/ha. This implies that the farm operates
at a NUE of 78%. No specific NUE values could be found for this region after a literature review. Hence,
considering Brentrup and Palliere (2010) standard values, a NUE of 85% is defined as ideal (see chapter
3.6.2.1). In this case, the grower should be able to reduce the nitrogen input to 165 kg N/ha, meaning that,
in theory, a possible reduction potential of approximately 15 kg N/ha can be achieved without negatively
affecting corn yields.

Following the approach by Brentrup and Palliere (2010), the best-case scenario assumes an NUE of 90%.
This value indicates the highest nitrogen reduction potential achievable without negatively affecting the
crops and, consequently, the highest GHG reduction potential. The worst-case scenario assumes an NUE of
80% and signifies the lowest nitrogen and GHG reduction potential. The nitrogen reduction potential of
these two cases as well as the standard case are presented in Table 4.5. These values also are used to
estimate the adjustment factor applied to indirect emissions (see chapter 3.5.1.2). The difference between
the fertilizer rate calculated for each case and the rate in the baseline scenario reveals the fertilizer
reduction.
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Table 4.5 Reduction of nitrogen rates based on optimal NUE for Typical Farm in lowa
Case N removed via Fertilizer rate NUE N reduct.lon
harvest potential

(kg of N/ha) (kg of N/ha) (%) (kg of N/ha)

Baseline 140 181 78 -

Standard 140 165 85 15

Best 140 156 90 25

Worst 140 176 80 5

Source: own estimation based on Brentrup and Palliere (2010).

To estimate the NUE it is necessary to consider all the nitrogen sources. In this regard, corn is grown after
soybeans, a legume, and the nitrogen fixed by the soybeans should be accounted toward the supply of
nitrogen for corn. However, soybeans’ fixation rate is assumed to be only enough to cover its own
requirements (Cérdova et al., 2019). Consequently, it does not leave a nitrogen credit in the soil that corn
can utilize. Hence, the NUE estimation is conducted considering only the synthetic nitrogen applied to corn.

In the fertilization program of the baseline scenario, the nitrogen is applied as anhydrous ammonia in spring,
usually one week before seeding. To study a reduction of nitrogen applied, the focus group agreed that
splitting the applications into two could be a feasible approach, each pass with the same rate of fertilizer.
They expressed that it could be possible to include the additional application approximately one month
after seeding. Scharf et al. (2002) and Roy et al. (2014) show that splitting nitrogen fertilization to include a
second application later in the season does not negatively affect corn yields. They estimate that the second
application can occur until the plant has eight leaves, which occurs on average 40 days after seeding,
without altering yields. Hence, the application can take place at any point within this interval. Consequently,
as a strategy to reduce the total nitrogen rate used in corn, a second pass to apply anhydrous ammonia is
assumed.

This second application of fertilizer is as side-dress, that is, the anhydrous ammonia is applied into the soil
close to the plant, between the rows. The focus group mentioned that there is a risk of damaging the crop,
as anhydrous ammonia potentially can injure the roots and stem by producing chemical burns. However,
with proper adjustment of the machinery to ensure a safe distance from the roots, the damage can be
avoided, and the yields are not negatively affected (Woli et al., 2014).

The additional pass can be conducted using the same equipment utilized in the first application. Hence, no
new machinery is required to split the applications of nitrogen. It is assumed that the additional application
does not cause further depreciation at the farm level, since the machinery is still operated within the
planned yearly threshold. Hence, only a redistribution of the depreciation cost occurs and the total for the
grower does not change (see chapter 3.4.3). However, the additional pass implies added costs in repairs
and maintenance as well as higher use of diesel and labor.

Nevertheless, the additional operation could compete with the operations needed in soybean production.
Under the current schedule of operations, the application of fertilizer could be performed without directly
affecting other operations, as expressed by the focus group. However, they also comment that when
planning the season, they include a time buffer by planning more time for the operations than what is
needed. They do this in case operations have to be delayed for unforeseen reasons, such as adverse
weather or unexpected repairs. The additional application of nitrogen would considerably reduce the time
buffer that growers have, as explained by the focus group.

The next operation in the schedule of the Typical Farm is the application of the herbicide glyphosate to
soybeans. Thus, in the case of having to delay the second application of anhydrous ammonia, the spreading
of this herbicide may have to be delayed as well. In this case, the grower has the option to increase the
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concentration of the herbicide application. This would increase the share of the weeds that would be killed
by the herbicide (Westra et al., 2008). It is likely that the increase in the concentration of the herbicide
would be comparatively small relative to the normal rate used. Hence, the increase in the costs of the
herbicide would be minor as well. To exemplify, increasing the dosage of the herbicide by 20% would imply
only approximately 10 USD/ha more, based on the standard glyphosate application used in the Typical
Farm. Alternatively, the rate of the herbicide could be left unchanged in the delayed application. In this
case, the grower could perceive a yield loss compared with the case in which the application of the herbicide
is conducted without a delay. This yield reduction would be caused by the additional competition the crop
would have. The yield loss would result from the time between the date of the planned herbicide
application (without delay) and the actual date of the application (with delay). Consequently, it can be
expected that the yield loss would be minimal and the corresponding loss of revenue would be small as
well. Accordingly, considering that both alternatives to manage a delayed application have a small negative
economic impact, added to the fact delaying the application theoretically would not happen frequently, the
economic impact of the competition for machinery is considered negligible. Consequently, for the
estimation of the costs of this mitigation strategy, these costs are assumed to be insignificant.

Outsourcing the second application of nitrogen to a contractor theoretically would nullify the opportunity
cost of the grower’s machinery caused by the additional pass and increase the growers' time flexibility but
also increase cash costs. However, the focus group stated that there are contractors offering this service in
the region but, based on their own experience, the availability is scarce. Consequently, this option is not
considered.

The participants of the focus group expressed concern regarding the reduction as they would be worried
that the rate may not be enough to achieve the expected yield. To validate the effect that the nitrogen
reduction could have on corn yields, Sawyer et al. (2006) are used as a reference. They provide a nitrogen
response curve® that presents the effect marginal variations in nitrogen application have on corn output.
The results are based on field trials in 226 sites distributed across lowa and are calculated as a percentage
of the potential yield.

Figure 4.2 Estimated corn yield under different nitrogen fertilization rates in lowa
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Source: own estimation based on Sawyer et al. (2006).

13 After several attempts at contacting the authors, it was not possible to obtain the raw data used for the regression.

Therefore, the data points were extracted from the curve presented by the authors in the report. The points were used
to obtain the regression presented. The curve generated was compared graphically with the original to assess the result.
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Figure 4.2 presents the theoretical corn yields that the Typical Farm would obtain based on Sawyer et al.
(2006) nitrogen response curve. The nitrogen rates in the baseline scenario and the calculated reduced
rates are used in the formula to determine the marginal change in yields. By reducing nitrogen application
from 181 kg/ha to 165 kg/ha to achieve a NUE of 85%, corn yield would be reduced by 0.04 t/ha. An NUE
of 80% generates a yield loss of 0.01 t/ha. For the case of 90% NUE, the reduction is estimated to be 0.1 t/ha,
or 0.8% less yield. These yield reductions are considered negligible and, therefore, confirm the assumption
that adapting the nitrogen fertilization rate utilizing the NUE does not negatively affect yields for this Typical
Farm. Consequently, no yield loss is assumed for this mitigation strategy.

Total costs from implementing the mitigation strategy

Table 4.6 presents the changes in the costs derived from reducing the nitrogen use in corn production on
the Typical Farm. These changes reflect the reduction in fertilizer costs due to optimizing the fertilization
rate, as well as the additional machinery, diesel and labor costs from splitting the applications in two.

The reduction in fertilizer rates reduces costs, which differ across the cases based on the NUE assumed. The
reduction ranges from 19 USD/ha in the best case to 4 USD/ha in the worst case. In the standard case, the
reduction is 12 USD/ha. In the standard and best cases, this reduction is enough to compensate for the
additional costs the grower incurs conducting an additional application of fertilizer. This additional pass is
estimated to cost 8 USD/ha, which includes labor, diesel and repairs and maintenance and implies the same
costs across the cases. Consequently, in the standard and best cases, which assume 85% and 90% NUE,
respectively, the GHG mitigation strategy would imply a decrease in the costs of producing corn on the
Typical Farm. Only in the worst case, which assumes an NUE of 80%, would the decrease in nitrogen rate
not be enough to cover the costs of the additional pass to spread fertilizer. Hence, in the worst case, the
mitigation strategy would increase the cost.

The total cost of the mitigation strategy implies a reduction of 4 USD/ha in the standard case and a
reduction of 11 USD/ha in the best case. In the worst case, the total increase in costs is 5 USD/ha. These are
the values used to determine the mitigation costs.

Table 4.6 Corn costs with optimized nitrogen fertilization rate for Typical Farm in lowa (USD/ha)
Baseline Standard case Best case Worst case
scenario Strategy Change Strategy Change Strategy Change

Fertilizer 245 233 -12 226 -19 241 -4
Diesel 48 51 3 51 3 51 3
Labor 37 39 2 39 2 39 2
Machinery 357 360 3 360 3 360 3
Remaining 321 321 0 321 0 321 0
Total 1,008 1,005 -4 997 -11 1,013 5

Source: own estimation.

Emissions per hectare from implementing the mitigation strategy

Table 4.7 shows the differences in the emissions of the baseline scenario compared with the mitigation
strategy. The reduction in the emissions from this strategy comes from the reduced use of nitrogen
fertilizer, which lowers the N,O emissions from the soil depicted in the category “direct.” This reduction
ranges from 184 to 37 kg COzq/ha in the best and worst cases, respectively. In the standard case, the
reduction in emissions is 115 kg COzeq/ha. The emissions caused by leaching and volatilization represented
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in the category “indirect” are reduced as well. The reduction is 82 kg COzq/ha in the standard case,
130 kg CO2eq/ha in the best case and 27 kg COzeq/ha in the worst case.

The emissions allocated to the manufacture of fertilizers are reduced as well. This reduction ranges from
74 to 15 kg COzeq/ha in the best and worst cases. In the standard case, the reduction is 47 kg COzeq/ha. The
magnitude of the change in direct, indirect and manufacture emissions is different in all cases as it depends
on how much nitrogen is reduced by the NUE approach.

Liming, urea and land use are grouped in the category “remaining.” None of these categories is affected by
the implementation of the GHG mitigation strategy. Hence, as in the baseline scenario, no GHG emissions
are released from these sources.

The additional pass to spread the fertilizer releases additional emissions from diesel combustion
(18 kg CO2eq/ha) but these are comparatively low. Considering an NUE of 85% in the standard case, this
strategy reduces GHG emissions by 226 kg CO.eq/ha. For the best and worst case scenarios, the GHG
reduction ranges from 371 to 62 kg COzeq/ha, respectively.

Table 4.7 GHG emissions from corn with optimized nitrogen fertilization rate strategy for Typical
Farm in lowa (kg CO;¢q/ha)

. Standard case Best case Worst case

Baseline

scenario Strategy Change Strategy Change Strategy Change
Direct 1,647 1,532 -115 1,463 -184 1,610 -37
Indirect 200 118 -82 69 -130 173 -27
Manufacture 606 560 -47 532 -74 591 -15
Diesel 245 262 18 262 18 262 18
Total 2,663 2,472 -226 2,327 -371 2,636 -62

Source: own estimation.

Mitigation costs and considerations on the adoption, monitoring and enforcement of the strategy

In total, optimizing nitrogen fertilization to lower GHG emissions would generate a cost of -16 USD/t COx¢q
in the standard case, -29 USD/t COx¢qin the best case, and 74 USD/t COz¢qin the worst case. In the standard
and best cases, the mitigation strategy would be a win—win scenario, which is implied in the negative cost.
This signifies that the strategy not only reduces GHG emissions but also lowers the cost of producing the
crop. The implications of the win-win scenario are discussed in chapter 8.

Since this strategy could be adopted by growers without the need to make investments, its implementation
on a large scale and in a short time frame should be feasible. Given the relevance of nitrogen fertilization
to obtain high corn yields (see chapter 3.6.2.1), growers may be reluctant to adopt this strategy, as they
may perceive it as an additional risk. An approach that could be used to address this concern would be to
promote a stepwise adoption, in which two aspects could be adopted: acreage and nitrogen reduction. A
stepwise adoption based on acreage would mean that growers test the reduction of nitrogen only on a
share of their land. Once the approach has been tested, it could be expanded gradually each year to cover
a larger share. A stepwise adoption of the nitrogen reduction would mean that the grower reduces nitrogen
fertilization rate by a share of what this mitigation strategy indicates. This share could be increased
gradually until the recommended nitrogen reduction rate is achieved. Furthermore, a combination of these
two approaches could be promoted as well.

An additional measure that could be used to reduce the perceived risk by the grower is to provide an
insurance. This service could cover the cases in which splitting of the nitrogen application to reduce the rate
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does negatively affect yields - or instance, in years in which weather conditions delay the second application
of nitrogen or any subsequent operation, such as the use of pesticides in soybeans, as previously explained.
To obtain a reference for the estimation of the yield loss caused by this GHG mitigation strategy, a
comparison with field trails could be conducted. These field trials would maintain the baseline scenario;
that is, no splitting of nitrogen application and no reduction of nitrogen rate. By comparing the difference
between the grower’s yields and the field trials, the compensation could be calculated.

Monitoring the use of this strategy likely would require field visits. Aerial images obtained from drones
flown on the fields can be run through an algorithm that helps determine the soil’s nitrogen content. This
process should be supported by soil sampling to calibrate the model for different soil types (Hively et al.,
2009). According to Wajtowicz et al. (2016), the sensing technology from satellites is not yet able to deliver
reliable results on this type of data, although it may become a feasible approach in the future.
Consequently, it can be assumed that monitoring the implementation of this strategy likely would entail
high costs as yearly and on-site testing would be required for proper measurement.

A limitation of using remote sensing is that the cameras need to capture enough data on the soil. Hence,
this technology is applicable only as long as the crop’s canopy does not block the view of the soil. Measuring
the nitrogen content of the crop is not a feasible indicator of the soil’s nitrogen amount. Assuming the
nitrogen supply has not limited the crop's development, it may not be possible to make accurate inferences
on the amount of nitrogen remaining in the soil. Hence, it is not possible to determine how much nitrogen
has been applied with current technology.

The implementation of a tax on nitrogen would promote an increase in the efficiency of fertilizer usage.
Increasing the fertilizer’s price would raise the fertilizer—crop ratio, which implies that growers would need
to use nitrogen more efficiently by lowering the nitrogen rate. Hence, growers likely would adjust the timing
of the application or adopt new technologies; for instance, equipment with variable-rate application (Zhang
et al., 2015b).

Another approach that could encourage growers to increase the NUE as estimated in this strategy is to limit
the amount of fertilizer they can purchase. However, considering the size of the region and country, the
variation of yields and their development, variation among plots and possible crop rotations, among other
aspects, using this approach to enforce the strategy would entail high costs for the controlling entity.
Consequently, it is not considered as an efficient alternative.

Comparison of results from Typical Farm with literature

McNunn et al. (2020) simulated the GHG emissions from improving the timing of nitrogen fertilization in
corn production across 11 states in the Corn Belt, including lowa. In total, they estimate a reduction in the
range of 97 to 510 kg COzeq/ha. The simulations from the authors include different baselines and
alternatives to implement this mitigation strategy, including the replacement of fall fertilizer applications.
This practice is not used on the Typical Farm in lowa. Nitrogen applied in the fall has a higher risk of being
lost as leaching and emissions compared with spring applications. Consequently, fall fertilizer rates have to
be higher to compensate for increased nitrogen losses (Tenuta et al., 2016). Thus, the baseline assumed in
the study by McNunn et al. (2020) has greater emissions than the baseline in the Typical Farm, which
spreads the fertilizer only in spring. Therefore, by improving the timing of the application, the emission
reduction potential theoretically is higher than in the Typical Farm.

Millar et al. (2010) calculated that a reduction of 130 to 490 kg CO,eq/ha could be achieved by reducing
nitrogen oversupply in corn in lowa. Similarly, the report by ICF (2013) estimated that a reduction of 74 to
400 kg COzeq/ha is possible in the Corn Belt. Both studies modeled the fertilizer reduction based on the yield
expected using state-level data for lowa, including historic yield data and fertilizer applications. None of
these studies includes emissions from the manufacture of fertilizer, which would have increased the
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mitigation potential calculated in the studies, as each unit of fertilizer reduced would imply a higher
reduction. However, diesel usage from additional applications is not accounted for, which would increase
the emissions from the strategy.

In comparison, the mitigation potential in the Typical Farm in lowa ranges from 62 to 371 kg COzq/ha in
the worst and best cases. It could be argued that the worst case of the Typical Farm is similar to the bottom
of the range from ICF (2013) and McNunn et al. (2020). The best case in the Typical Farm is comparable only
to the upper value from the estimation by ICF (2013). The remaining two studies indicate a larger mitigation
potential than that of the Typical Farm.

ICF (2013) calculated the mitigation costs for corn in lowa to be between 32 and 174 USD/t COxq. These
are higher than the costs on the Typical Farm, which are negative. In the worst case of the Typical Farm, the
costs are 74 USD/t COzq, Which is in the range of the estimation of the study. However, contrary to this
thesis, the study by ICF assumes a yield reduction resulting from the reduced nitrogen rate. They calculate
that foregone revenue from the reduced vyield is higher than the reduction in costs from the reduced
fertilizer rate, which explains the positive costs compared with the assumptions from the Typical Farm.

4.5.3 Reduction of tillage intensity (US-2)

As mentioned in chapter 4.4.1, the Typical Farm in the baseline scenario is operated with reduced tillage,
which is the most common tillage system in lowa. As presented in chapter 3.6.2.2, sequestering carbon in
the soil can be used as a GHG mitigation strategy. This sequestration potential depends on the difference
in the soil organic carbon content under no-till compared with reduced tillage.

A literature review on the soil organic carbon content of the average soils in lowa under both tillage systems
in the corn-soybean rotation reveals the following: Al-Kaisi et al. (2005) and Al-Kaisi and Yin (2005) assessed
the effect of varying tillage intensity in lowa. Both studies found a positive correlation between reducing
tillage intensity and an increase of soil organic carbon, implying that no-till does promote retention of
carbon. However, these studies were conducted over seven and three years, respectively. This period can
be considered too short to determine the final carbon content of the system under the changed tillage
systems, as stated by Al-Kaisi et al. (2005). Yet, they confirm the positive effect of no-till in the soil’s carbon
content in lowa. Causarano et al. (2008) conducted a simulation for lowa to estimate the effects of tillage
in the soil organic carbon in a corn—soybean rotation. They provide estimates of the potential of the soil to
capture carbon when transitioning between tillage systems. However, the author’s descriptions of the
operations conducted in each tillage system differ considerably from what is used in the Typical Farm®.
Hence, none of the tillage systems provided in the study could be compared with the baseline scenario of
the Typical Farm. Therefore, their results are deemed as not applicable for this analysis. No further pertinent
literature could be identified. Consequently, the approach described in chapter 3.6.2.2 is utilized.

To estimate the carbon sequestration potential, it first is necessary to determine the soil type and the
climate in the region. The soil is assumed to be a Mollisol, based on the map provided by Natural Resources
Conservation Service (2021)%. The climate zone also is needed for this estimation, which was obtained using
Sayre et al. (2020), as presented in chapter 4.5.1. With these data, it is possible to determine the reference
carbon stock of the soil where the Typical Farm is located.

14 The author’s definition of reduced tillage implies the use of disk only in soybean and direct seeding in corn without any

tillage operations. This differs considerably from the operations in the Typical Farm in the baseline scenario, which
conducts tillage operations in both crops. Their description of conventional tillage also was deemed not applicable. Only
no-till shared the same definition as in the Typical Farm.

15 The equivalent of Mollisol in IPCC (2019a) definitions is High Activity Clay.
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To determine the current soil organic content with the IPCC (2019a) methodology, it is necessary to adjust
the reference carbon stock. This adjustment depends on the type of land use, the input of organic matter
and the tillage intensity’. Each of these three elements has a coefficient that is multiplied with the
reference stock carbon of the soil to calculate the estimated soil organic carbon content.

In the methodology by IPCC (2019a), the coefficients used for each type of tillage are provided with a default
value and a range. This implies that the adjusted carbon stock of the soil under no-till also can be expressed
as a range. The range provided by IPCC is a statistical calculation derived from the literature review. Given
that the GHG mitigation potential of this strategy depends on the difference in the soil organic carbon
content under reduced tillage and no-till, the range from IPCC can be used for the definition of the cases.
Consequently, based on the coefficient of no-till, the default value is used for the standard case; the highest
coefficient is used for the best-case scenario as it implies the highest mitigation potential. The lowest
coefficient is used for the worst case, as it implies the lowest mitigation potential. Each of these cases is
compared with the default coefficient of reduced tillage. A summary of all the coefficients used in this case
as well as the resulting carbon stock of the system under reduced tillage and no-till is presented in see Table
A.14 in the Appendix.

Following the IPCC methodology, carbon sequestration is a process that occurs linearly over a period of 20
years. After this period, the soil reaches a new equilibrium of soil organic carbon content, and it no longer
can capture additional carbon from the atmosphere. The new stable level is maintained as long as the farm’s
tillage system is not changed. However, if the farm changes from no-till to a more intensive tillage system,
the carbon sequestered will be released as CO,. Hence, the GHG mitigation effect of this strategy is
reversible (see chapter 3.5.6).

Table 4.8 Soil organic carbon stocks and sequestration potential for no-till vs. reduced till for
Typical Farm in lowa

. . . . Annual GHG
Soil organic carbon Soil organic carbon . L.
Case . . Difference mitigation
reduced tillage no-till R
potential
(t COZeq/ha) (t COZeq/ha) (t COZeq/ha) (kg COZeq/ha)
Standard 216.4 227 10.4 520
Best 216.4 236 19.5 973
Worst 216.4 218 1.3 67

*Note: to transform COjeq to C, the CO2eq value must be divided by 3.67.
Source: own estimation.

The carbon stock difference of each case and the annual carbon sequestration potential of each case are
presented in Table 4.8. To attain the GHG mitigation potential of carbon sequestration in its entirety, it is
necessary to operate the farm under no-till every year. Otherwise, only a share of the mitigation potential
can be realized. In the case of the Typical Farm in lowa, this implies conducting changes in both corn and
soybeans. Consequently, the feasibility and impacts of changing to no-till must be assessed for each crop.

Transitioning the Typical Farm to no-till requires stopping the operations that disturb the soil, even at
shallow depths, requiring changes in operations in corn and soybeans. In corn production, two operations
must be stopped: utilizing the disk ripper and the pass with the soil finisher. In soybeans, just the soil finisher
no longer can be used. Since this equipment is used only for these operations, transitioning to no-till implies

16 The focus group stated that in corn—soybean rotations, crop residues are chopped and incorporated into the first few
centimeters of the soil, leaving approximately 30% to 40% of the surface covered. This is in accordance with the definition
of reduced tillage provided by IPCC for the calculation of carbon stocks.
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it no longer is necessary. Hence, it is assumed that the grower no longer keeps them in the inventory, which
reduces the cost of repairs, financing and depreciation entailed in this equipment. Since the passes no
longer are conducted, less labor and diesel from the operations lead to a reduction in the costs compared
with the baseline scenario. The costs involved in the repairs of maintenance of the tractor pulling the
equipment are also reduced. However, the depreciation of the tractor does not change at the farm level.

Tillage operations that no longer are conducted have the objective to integrate part of the crop residues
into the soil to facilitate decomposition. Without these, the corn stalks are left on the soil surface and can
damage the tires of the seeder and fertilizer spreader. Consequently, the focus group agreed that it would
be necessary to purchase stalk stompers. This addition bends the corn stalks to reduce the wear on tires
and the risk of puncturing them. They estimate that the investment would cost 3,500 USD and would need
to be replaced every five years with zero resell value.

Regarding the seeding of the crops in no-till, the members of the focus group stated that most modern
planters used in reduced tillage systems also can be used in no-till without the need to reduce the speed of
the tractor during seeding. However, they mention that it requires more equipment adjustment, especially
the row cleaners. Hence, no changes to the seeding equipment are assumed.

Whether or not changing the tillage system from reduced to no-till affects corn yields depends on the soil
and weather conditions. Al-Kaisi et al. (2015) conducted field trials in various soil types across lowa between
2003 and 2013 and concluded that in soils with low levels of clay, under a no-till, corn yields do not
statistically differ compared with reduced or conventional tillage. The same results are found by Al-Kaisi
and Kwaw-Mensah (2007) and Al-Kaisi et al. (2005). However, according to Al-Kaisi et al. (2015), no-till
performed worse in poorly drained soils, with yield reductions of 6% compared to the other tillage systems.
Al-Kaisi and Yin (2004) come to the same conclusion regarding the impact of no-till on corn yields in heavy
soils, indicating a reduction of approximately 5%. Additionally, Vetsch et al. (2007) report an approximately
1.8% reduction in no-till soybean yields compared with reduced till in a corn—soybean rotation over five
years. The authors attribute this yield penalty from no-till mainly to the weather and soil conditions,
especially water infiltration, as heavier soils tend to have problems with drainage and therefore are prone
to waterlogging (Al-Kaisi et al., 2015; Licht and Al-Kaisi, 2005). Tillage operations loosen the soil particles
and break them down, which facilitates water infiltration. Hence, without tillage, the flow of water in the
soil may be limited, which causes the problems described.

A strategy that, in theory, could reduce the negative effects of no-till on yields is the installation of tile
drainage in the fields. This practice consists of installing underground pipes with holes that allow the
movement of water into them. Once in the pipe, the water can then flow into canals and leave the field.
With this system installed, the excess water can be removed at a higher rate from the soil to reduce the risk
of waterlogging. No scientific literature applicable for this region could be found to assess this measure.
Researchers and experts from lowa State University were contacted as well but could not confirm the effect
beyond anecdotal evidence. Hence, while in technical terms it is possible to implement tile drainage, its
effect on the reduction of the yield penalty cannot be confirmed and it therefore is not considered in this
analysis.

Although by definition the Typical Farm has no exact location, it is assumed to portray a farm located in the
northern part of the state. Information on the water infiltration rate of the soil without the use of tile
drainage is made available by the Geospatial Laboratory for Soil Informatics (2019). Based on their data,
the drainage in this region is categorized predominantly as poorly drained. Consequently, it is assumed that
the Typical Farm operates in soils with poor drainage, indicating that a yield penalty would occur.

However, no-till can improve the soil’s structure over time, which facilitates the flow of water through the
layers, yet the build-up to obtain this benefit may take several years (Lal et al., 2007). Given the short-term
consideration of the studies mentioned above, it is not possible to determine a statistically significant
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long-term trend, which can take decades (Al-Kaisi et al., 2015). In this regard, Dick et al. (1991) report the
results of plots that have been under no-till for 25 years and indicate decreasing yield penalty in corn,
signifying that the gap, in some cases, can be closed. On this matter, a participant of the focus group, who
had already implemented no-till in some of the plots without tile drainage, commented it took
approximately 10 to 15 years to notice an improved soil structure and that there were occurrences of
waterlogging in fields in the first three to four years after transitioning. Hence, despite the decrease in
yields, it is assumed that due to an improvement in the soil conditions over time, especially water infiltration
rate, it is possible to return to the yield levels obtained before the transition to no-till.

Therefore, for the calculation of the GHG mitigation strategy and its costs, a transition stage is assumed for
the Typical Farm. Given the poor soil drainage in the region, this stage assumes a 6% penalty in corn yields
based on Al-Kaisi et al. (2015) and a 1.8% yield penalty for soybeans, based on Vetsch et al. (2007). These
values apply in the first year after the implementation of no-till. Following the IPCC (2019a) guidelines
regarding the changes in soil organic carbon stocks, it is assumed that it takes 20 years until the soil reaches
an equilibrium. Therefore, the yield penalty is assumed to decrease linearly over the 20 years in which the
carbon sequestration takes place. This period depicts the transition stage in the Typical Farm. The penalty
is assumed to become zero in the 21 year, which also entails that the carbon sequestration potential is
realized.

The vyield penalty of each crop implies a foregone revenue in the future. This economic loss must be
discounted to express its current economic value. The following formula based on MuBhoff and Hirschauer
(2020) can be used to calculate the total foregone revenue accumulated in the 20-year transition stage
(Equation 31).

20
FR= ) FY,xPx(1+i)* ( 31 )
t=1
FR: total foregone revenue of the crop in the transition stage (USD)
t: year of transition
FYy: foregone yield for the crop in year t (t/ha)
P: average crop price (USD/t)

i interest rate (%)

For each crop, the foregone yield is obtained by multiplying the yield in the baseline scenario with the
calculated annual yield loss, as previously explained. The average prices of corn and soybeans for the period
2016 to 2018 are used, which are 131 USD/t and 339 USD/t, respectively. These are obtained from the focus
group. An annual interest rate of 2% is assumed for the discounting as that is the value reported for the
Typical Farm for long-term loans.

The total foregone revenue must be expressed as an annuity to divide the economic loss equally for each
year of the transition stage. Based on MufShoff and Hirschauer (2020), Equation 32 is used:

A- FR
B ((1+i)20—1) ( 32 )
(1+10)20xi
A: annuity of the foregone revenue of the crop (USD/ha)

The annuity of the foregone revenue caused by the yield penalty is estimated to be 56 USD/ha in corn and
13 USD/ha in soybeans. Hence, the effect on an average hectare of the Typical Farm is 34 USD/ha, which is
taken as an additional cost. Table B.1 in the Appendix depicts the year-by-year effect of the foregone
revenue calculated.
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The adjustment factor used to modify indirect GHG emissions depends on the yield, as this determines the
nitrogen removal via harvest. Thus, the average yield penalty in the transition stage is deducted from the
yield in the baseline scenario.

Estimation of emissions from Indirect Land Use Change (ILUC)

The yield penalty in the Typical Farm likely would generate ILUC, especially considering the relevance of
lowa in global crop production. ILUC occurs when the supply of a specific product is reduced or diverted
while the demand remains unchanged. Given the comparatively lower supply, the price of the product
would increase, which would encourage producers elsewhere in the world to increase their output to meet
demand. They achieve this by intensifying their production on their existing acreage and/or by transforming
land for agricultural use (Wicke et al., 2012). The intensification of the production signifies that higher rate
of inputs are used, which in turn increases the GHG emissions per hectare. The transformation of land
involves the release of GHG from land use change; that is, the carbon stored in the soil is released.
Additionally, transforming the land could involve changes in the vegetation - for instance, from clearing
woodland - which result in further GHG emissions.

To calculate the GHG emissions from ILUC, the values provided by the Environmental Protection Agency
EPA (2010) are used. These values are crop-type-specific GHG emission values and were calculated to
determine the environmental impact of the United States’ biofuel policy “Renewable Fuel Standard
Program.” In their estimation of GHG emissions, they include the changes in the emissions from the
intensification of production as well as land use change. Both elements are assessed at national and
international level. There is a large degree of variation in the estimation of emissions from ILUC (Wicke et
al., 2012). However, EPA’s estimations are deemed to represent an average value within the spectrum of
estimations.

The emissions derived from land use change used in the assessment from EPA (2010) are distributed equally
over 30 years. To adapt those values to the 20-year transition stage assumed in this assessment, the EPA’s
values are multiplied by 3/2. This distributes the same total emissions from land use change over a shorter
time". The values used for the estimation of ILUC per weight of crop are shown in Table B.2 in the Appendix.
It is estimated that the emissions from corn are 0.25 kg CO2eq/kg crop and for soybeans, 0.35 kg COzeq/kg
crop. These values are multiplied with the annual yield penalty and then the average for the 20 years is
calculated. This average is considered in the category “land use.” Hence, it is estimated that the average
yearly yield penalty for corn causes 101 kg CO,eq/ha due to ILUC. Soybeans’ emissions are calculated to be
13 kg COzeq/ha. Thus, the average hectare (50% corn and 50% soybeans) causes additional emissions of
57 kg CO2eq/ha. The annual emissions from ILUC from corn and soybeans are presented in Table B.3 in the
Appendix.

Contrary to the approach from this assessment, EPA’s GHG emissions from the intensification does not take
into account carbon released from the manufacture of fertilizer. This would increase the ILUC emissions
attributed to each crop. Nevertheless, considering that the emissions from manufacture are only a share of
the emissions from intensification and, in turn, intensification represents only a share of ILUC, no
adjustment is applied to the estimated values for corn and soybean.

17 Since the values provided by EPA are used to compare fuel with biofuels, the GHG emissions are expressed as a function
of energy; that is, kg CO2q/MJ. To transform this unit into kg CO2.q/kg of crop, the amount of biodiesel obtained from
soybeans and bioethanol gained from corn are needed. The values provided by Canter et al. (2016) are used for corn’s
bioethanol yield and the values from Chen et al. (2018) for soybeans’ biodiesel yield. Both of these studies are conducted
using average results from the mills in the US. Standard values on the biofuels energetic content as well as density are
obtained from BioGrace, a GHG estimation tool from the EU (2015).
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Theoretically, including emissions from ILUC in the transitory yield reduction could imply that carbon
sequestration could occur. Carbon sequestration would take place in the regions where land was
transformed for agricultural use to cover the gap in the supply. With the yield penalty no longer applying,
this gap would be filled. Hence, the land could be returned to the use it had before the yield penalty
appeared. With this return, the carbon released from the biomass and soil would be sequestered back.
However, estimating whether the land is returned to its original use and the share returned implies
changing the assumptions originally made by EPA (2010). Furthermore, it can be considered unlikely that
the land is returned to its original state, as transforming the land involves costs for the grower. Using only
the share of intensification entailed in EPA’s estimates underestimate the impact of ILUC. Consequently, for
the estimation of this mitigation strategy, EPA’s values are used as previously estimated without further
changes, since it is assumed that:

(1) The land transformed as a response to the ILUC from the yield penalty remains as agricultural land,
hence, no sequestration occurs.

(2) The disappearance of the yield penalty in the Typical Farm implies that the growers would reduce the
intensity of their production to the same level as before the yield penalty. This would be a response to
the decrease in the crop prices they would perceive since the yield penalty no longer would be active
and the demand would stay unchanged.

Total costs in transition stage from implementing the mitigation strategy

The changes in the cost of changing the Typical Farm from reduced tillage to no-till during the transition
stage of 20 years are presented in Table 4.9. Only the categories that have differences in the costs are
presented; the rest is not shown as it does not affect the resulting costs. The changes in costs between the
cases do not differ, as all strategies imply the same adjustment of operations. Hence, only the results from
the standard case are shown. Given that the change implies different effects in corn and in soybeans, it is
necessary to estimate them independently. In corn, the cost reductions in terms of diesel, machinery and
labor are higher than in soybeans. This is a consequence of corn having more tillage operations under
reduced tillage. The reduction of these three elements combined totals 44 USD/ha in corn and 16 USD/ha
in soybeans. However, the yield penalty depicted in the category “foregone revenue” also is significantly
larger in cornthan in soybeans (55 and 13 USD/ha, respectively). Consequently, the total cost from changing
to no-till results in a cost increase of 11 USD/ha in corn but a decrease of 3 USD/ha in soybeans.

The category “remaining” entails the costs from the categories seed, fertilizer, pesticides, liming and
contractor operations. None of these elements has costs in the baseline scenario and they are not affected
by the implementation of the mitigation strategy. Consequently, the category “remaining” results in zero.

To assess the cost of the implementation of no-till per hectare, the effect of each crop in the crop rotation
must be averaged. Given that the crop rotation is composed of two crops with equal acreage, a simple
average is calculated. On average, costs would increase by 4 USD/ha during the transition period. This is the
value used to determine the cost of the mitigation strategy in the Typical Farm.
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Table 4.9 Difference in costs from no-till vs. baseline scenario for Typical Farm in lowa in transition
stage (USD/ha)

Standard case

Corn Soybean Average

Diesel -12 -4 -8
Labor -8 -2 -5
Machinery -24 -10 -17
Foregone 55 13 34
revenue

Remaining 0 0 0
Total 11 -3 4

Source: own estimation.

Emissions per hectare in transition stage from implementing the mitigation strategy

Table 4.10 presents the change in the GHG emissions from transitioning the Typical Farm from reduced
tillage to no-till on an average hectare. Only the categories that have differences in the costs are presented;
the rest are not shown as they do not affect the resulting costs. On average, the release of emissions from
the category “direct” would be 5 kg CO2eq/ha lower compared with the baseline scenario. This category is
only N;O, and its reduction is a result of the average yield penalty. Lower yields imply that fewer crop
residues are left after the harvest. Bacteria decompose these residues and release N,O in the process. Given
that the yields in no-till in the transition period are lower than those of reduced tillage, the emissions from
crop residues also are reduced.

However, the yield penalty also implies that less nitrogen is removed via harvest. In corn, the nitrogen
fertilization rate is unchanged compared with the baseline scenario. Hence, more nitrogen is susceptible to
leaching and volatilization, which are the elements entailed in the category “indirect”. Therefore, the
emissions from this category are 12 kg COzeq/ha higher than in the baseline. The same values apply to all
cases. The emissions from diesel are reduced by 41 kg CO.cq/ha as the passes for tillage in the baseline
scenario no longer are conducted.

The category “remaining” in this case entails the emissions from urea, liming and manufacture. While
emissions in the category “manufacture” in the baseline scenario and with the mitigation strategy are
different than zero, they are the same in both cases as the mitigation strategy does not affect the
fertilization rate. Urea and liming emissions both are zero with and without the strategy.

The largest share of the reduction of emissions comes from the category “land use,” which entails the
carbon sequestration. Sequestration is realized only for the 20 years of the transition period. Potential
carbon sequestration varies across the cases based on the values from IPCC. This results in a mitigation
potential in the average hectare of 463 kg COzeq/ha in the standard case, 916 kg CO2eq/ha in the best case,
and only 10 kg COzeq/ha in the worst case. In all these cases, the average emissions from ILUC are
discounted. These emissions reduce the mitigation effect from land use by 57 kg CO2eq/ha.

In the worst case, the effect of ILUC makes the emissions from corn in the category “land use” positive. This
implies that the emissions from ILUC would be higher than the carbon sequestration occurring in the Typical
Farm. However, the net effect of implementing no-till in corn would still reduce GHG emissions compared
with the baseline.

As in the case with costs, it is necessary to consider an average hectare for the estimation of GHG emissions.
This average is calculated following the same procedure as for costs. In the standard case, GHG emissions
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would be reduced on average by 497 kg CO2eq/ha, by 950 kg CO2eq/ha in the best case and by 44 kg CO2eq/ha
in the worst case.

Table 4.10 Difference in GHG emissions no-till vs. baseline scenario for Typical Farm in lowa in
transition stage (kg COzeq/ha)

Standard case Best case Worst case
Corn Soybean Avg. Corn Soybean Avg. Corn Soybean Avg.
Direct -9 -1 -5 -9 -1 -5 -9 -1 -5
Indirect 24 0 12 24 0 12 24 0 12
Diesel -61 -20 -41 -61 -20 -41 -61 -20 -41
Land use -419 -507 -463 -872 -960 -916 34 -54 -10
Remaining 0 0 0 0 0 0 0 0 0
Total -465 -529 -497 -918 -982 -950 -12 -76 -44

Source: own estimation.

Emissions per ton of product in transition stage from implementing the mitigation strategy

Evaluating the emissions per ton of product shows whether the net output of emissions would increase.
This would occur if the mitigation strategy results in a net increase of emissions per ton of crop harvested,
as the demand for the product can be assumed to remain constant.

The changes in the GHG emissions in corn and soybeans derived from transitioning to no-till are presented
Table 4.11. For this calculation, the emissions per hectare are divided by the yield of the respective crop. In
the case of the mitigation strategy, the yield used in the division is reduced by the average yield penalty of
the 20 years. For each crop, the standard, best and worst cases are calculated using the same reduced yield.

For all cases, the GHG emissions per ton of product in the transition stage are lower than in the baseline.
Consequently, the average hectare has a net reduction of 85 kg COzeq/t of product. However, the total
negative effect is mainly a result of the reduction obtained with land use, which represents carbon
sequestration. There is a reduction in the emissions from diesel, yet this is a small share of the reduction
compared with land use.

Nevertheless, considering yield penalty, the reduction in emissions presented per hectare and per ton of
product reveal additional information. Per ton of product, the change in GHG emissions from the category
“direct” has a positive value. This differs from the result per hectare presented in Table 4.10 for the same
category, which is negative. This difference is a result of the yields in no-till being lower in the transition
stage and the nitrogen application rate remaining unchanged. A share of the GHG emissions from direct is
determined by the crop residues, which are less due to a lower yield, reducing the emissions. However, the
emissions from nitrogen fertilization entailed in direct are the same as in the baseline. This positive value
implies that, while fewer emissions are triggered by crop residues, this is not enough to compensate for the
same emissions from nitrogen fertilization being distributed over less yield.

The same situation occurs in the case of the emissions from manufacture of fertilizer. This category depends
on the amount and type of fertilizers applied. Given that the same rate is used with no-till but the yield is
lower than with reduced tillage, the same GHG emissions are distributed over less yield. Manufacture is
under the category “remaining” in Table 4.10, as it has no change on a per-hectare basis.

Compared with the emissions savings from land use, the increase in the emissions from these categories
can be considered low.
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Table 4.11 Difference in GHG emissions no-till vs. baseline scenario for Typical Farm in lowa in
transition stage (kg COzeq/t)

Standard case Best case Worst case
Corn Soybean Avg. Corn Soybean Avg. Corn Soybean Avg.
Direct 4 0 2 4 0 2 4 0 2
Indirect 2 0 1 2 0 1 2 0 1
Manufac. 2 0 1 2 0 1 2 0 1
Diesel -4 -5 -5 -4 -5 -5 -4 -5 -5
Land use -34 -133 -84 -71 -252 -162 3 -14 -6
Remaining 0 0 0 0 0 0 0 0 0
Total -31 -139 -85 -68 -258 -163 6 -20 -7

Source: own estimation.

Mitigation costs in transition stage

As a result of transitioning the farm from reduced tillage to no-till, over the period of 20 years considered
the transition stage, the cost to mitigate GHG would be 8 USD/t CO2¢q in the standard case, 4 USD/t COeq
in the best case and 89 USD/t CO.q in the worst case. The considerations on the adoption of this strategy
are discussed at the end of this chapter.

Total costs in stable stage from implementing the mitigation strategy

To maintain the carbon sequestered in the soil and avoid its release as GHG, the Typical Farm needs to stay
under a no-till system. Hence, it is necessary to assess the costs in the stable stage after the transition
period. The changes in the costs of the different cases are the same as in the transition stage (see Table 4.9)
except for the foregone revenue. After the transition stage, it is assumed that yields are back to the level
that they were in the baseline scenario. Hence, the foregone revenue in the stable stage becomes zero.
Without it, the costs in the three cases become the same, as only this category was different across the
three cases.

Given that no changes in terms of operations occur after the transition stage, the same reduced expenditure
in machinery, labor and diesel realized in the transition stage is valid in the stable stage. This applies to all
cases and both crops.

The resulting reductions in costs in the stable stage from transitioning to no-till is 44 USD/ha for corn and
16 USD/ha for soybeans, with an average reduction of 30 USD/ha. In theory, this is an indication that the
grower would tend to maintain no-till and not revert to reduced tillage, as no-till is estimated to be more
profitable. Therefore, based on the current situation, there are no perceivable risks that the grower would
return to its previous tillage.

As presented in chapter 4.5.1, the costs estimated for corn in the baseline scenario are 1,008 USD/ha. The
cost reduction obtained after the 20-year period for this crop represents a 4.4% savings, which can be
considered marginal. Furthermore, the prospect of having a foregone revenue over 20 years may deter the
grower. To illustrate, the reduced vyield of corn in the first year would imply a foregone revenue of
98 USD/ha, as shown in Table B.1. The total cost to implement no-till in corn could be seen as 908 USD/ha,
which is the total foregone revenue from all years combined considering the discounting.
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Emissions per hectare in stable stage from implementing the mitigation strategy

The emissions from no-till in the stable stage are the same as in the baseline scenario in all categories except
for diesel. This is because the farm operations conducted in the transition stage are maintained in the stable
stage. Consequently, the same values from diesel as in the transition stage (see Table 4.10) are valid for the
stable stage. Given that no other categories differ, the change in emissions from diesel represents the total
change in emissions per hectare in the stable stage. In corn, this decrease is 61 kg COz¢q /ha and in soybeans,
20 kg CO2q /ha. The average hectare has a reduction of 41 kg CO2eq/ha in the stable stage. These results
apply to the standard, best and worst cases of the mitigation strategy.

The carbon sequestration potential is assumed to be fulfilled in the stable stage. Hence, the soil no longer
binds additional carbon from the atmosphere. Consequently, compared with the transition stage, the
category “land use” becomes zero. The emissions from ILUC also are assumed to be zero since the yield
penalty is overcome.

Mitigation costs in stable stage and considerations on the adoption of the strategy

Since the resulting GHG emission in the stable stage are lower than in the baseline, the Typical Farm would
continue to reduce emissions. The changes in costs in the stable stage result in a reduction of 30 USD/ha
compared with the baseline scenario. Consequently, a GHG mitigation cost can be calculated for the stable
stage. For all cases, the reduction of emissions in the stable stage would have a cost of -739 USD/t COzeq.
This negative cost indicates that the stable stage poses a win—win situation, which is discussed in chapter
8. This means that growers using the strategy not only would reduce the GHG from crop production but
also would reduce their costs. The large number is a result of the comparatively small GHG savings, which
result only from less diesel usage.

The costs during the stable stage can be interpreted as the annual expenditure to avoid growers reverting
to reduced tillage. Reverting would release the carbon sequestered in the soil in the transition stage.
However, as already mentioned, the negative cost in the stable stage implies that it is unlikely that the
grower transitions back to reduced till, unless the conditions are changed.

This strategy could be implemented on a wide scale in a short time frame, as it does not require a significant
investment. The only additional expenditure is the corn stalk stampers, which have a cost that was
considered negligible at the farm level. Nevertheless, the implication of having a yield penalty can dissuade
growers from transitioning to no-till. Using the averaged foregone revenue (34 USD/ha) may be misleading,
as this value varies considerably. The actual foregone revenue on the average hectare in the first year after
the transition is 60 USD/ha. This indicates that the total costs on the average hectare in year one is
30 USD/ha higher than in the baseline scenario. This prospect can discourage growers from adopting the
strategy. In addition, the learning curve associated with switching the tillage system acts as another
deterrent (Al-Kaisi et al., 2015).

Furthermore, the strong dependency of no-till on chemical control for weeds also can have a negative effect
on the likeliness of adoption of this strategy, as many weed species are developing resistance toward
herbicides (Al-Kaisi and Yin, 2004). Without tillage operations to limit the weeds’ growth, no-till could be
expected to have reduced yields from weed pressure in the future. Alternatively, the growers may need to
use a different combination of herbicides, which may increase their expenditure. The possibility to
implement additional extension programs to help growers overcome the intricacies of the switching to no-
till along with the possibility to compensate for the forgone yield during the transition period could be
suited strategies to promote the transition. As with the optimization of nitrogen fertilization in corn (see
chapter 4.5.2), this strategy could be implemented stepwise, meaning that only a fraction of the acreage is
managed under no-till. This would lower the perceived risk by the grower.
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The monitoring and control of this strategy could be conducted on a state-wide level using satellite images.
This strategy implies leaving the crop residues on the soil surface, as opposed to reduced tillage, which
incorporates a share into the soil. Hence, the difference between the systems is visible. Consequently,
scanning the field with satellites after the harvest and before the next crop is growing would reveal whether
no-till is being used. This approach would lower the necessity to conduct farm visits, which would reduce
the cost of monitoring and enforcing the GHG mitigation strategy.

Comparison of results from Typical Farm with literature

McNunn et al. (2020) simulated the GHG mitigation potential of reducing tillage intensity to no-till to be
1,477 kg CO2eq/ha. This value is the average result from the strategy being implemented in corn and
soybeans, which is considered comparable to the average hectare used in the Typical Farm. However, the
potential is significantly higher than even the best case of the Typical Farm in the transition stage
(950 kg COzeq/ha for the average hectare). Contrary to the Typical Farm, which assumes a reduced tillage
regime in the baseline, their depiction of the baseline is based on a farm with conventional tillage. The
carbon sequestration potential from a transition from conventional to no-till is higher than from reduced
tillage to no-till (IPCC, 2019a). Consequently, the difference in the baseline largely explains the variance in
the results.

ICF (2013) estimates the mitigation potential to be 420 kg CO2eq/ha for corn. This is similar to the estimation
in the Typical Farm in the transition stage in the standard case, which is 465 kg COzeq/ha. For soybeans, the
authors estimate an abatement of 130 kg COzeq/ha, which is between the standard and worst cases of the
Typical Farm (529 and 76 kg CO2eq/ha, respectively). The estimations from these papers do not account for
changes in the emissions from diesel from the reduced number of operations. Their inclusion would
increase the mitigation potential calculated in the papers. Toillustrate, the reduction in emissions from the
lowered diesel usage in corn in the Typical Farm amounts to 61 kg COz.q/ha. Adding this value to the
calculation in the ICF (2013) study would increase the reduction to 481 kg CO2.q/ha, reducing the difference
compared with the Typical Farm.

The mitigation costs provided by ICF (2013) are 30 USD/t COeq for corn and 77 USD/t COzeq for soybeans.
The corresponding costs in the standard cases of the Typical Farm are 23 USD/t CO2¢q and 6 USD/t COzeq,
correspondingly. Thus, while the costs in corn can be considered comparable, the difference for soybeans
is significant. Nonetheless, in both cases, the difference can be attributed to the assumptions on input costs
and emissions considered in the overall analysis.

4.5.4 Cover crops (US-3)

The Typical Farm does not use cover crops in winter. This practice is not common in lowa, as it is reported
to be used on less than 5% of the acreage, based on data from 2017 (USDA, 2020). Cover crops can be used
to reduce the leakage of nutrients, especially nitrogen, during the winter as they uptake them and use them
for their development (Thapa et al., 2018). These nutrients are returned to the soil after the cover crop is
terminated and incorporated into the soil as green manure. Furthermore, legumes, which not only uptake
nutrients but also can fixate nitrogen from the air to use for their development, can be used as cover crops
as well. Bacteria fixate nitrogen to the soil which can be absorbed by the following crop. Moreover, in a
process called mineralization, this fixated nitrogen also is released when the cover crop residues decompose
and can be used by the following crop. This nitrogen can be considered as a credit toward the next crop and
can be deducted from the nitrogen fertilization plan. Therefore, as explained in chapter 3.6.2.3,
implementing this practice offers the possibility to reduce GHG emissions by reducing the need to use
synthetic fertilizers, lowering the emissions attributed to its manufacture as well as the emissions the
fertilizer triggers in the soil.
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Crop residues from the cover trigger N.O emissions, but this effect is proportionately small compared with
the potential emissions saving from reducing the fertilizer rate. Furthermore, the cover crop’s biomass can
be incorporated into the soil, which leads to carbon sequestration. The sequestration of carbon is
considered a GHG mitigation, as it binds carbon from the atmosphere to particles in the soil. To achieve the
full potential of carbon sequestration, it is necessary to use winter cover crops in the entire crop rotation.
Otherwise, only a fraction of the carbon sequestration potential is realized. A partial implementation of this
strategy implies that less biomass incorporated into the soil and a higher loss of carbon in the periods
without a crop. This means that a cover crop must be used after soybeans as well as after corn. The
feasibility and considerations for each crop must be assessed individually.

To implement winter cover crops, the timeframe considered is between the harvest of one crop and the
seeding of the next one. In the Typical Farm, the harvest of soybeans usually occurs in late September and
is followed by the harvest of corn in early October. The seeding of the following crops takes place from mid-
to end of April. Furthermore, considering the winter conditions in lowa (see chapter 4.5.1), to have a
successful establishment of the cover crop, it is necessary to use plant species that start growing shortly
after seeding and can survive the winter. Plants that can survive the winter are referred to as winter hardy.
Without this characteristic, the effect of avoiding leakage and fixing nitrogen is not attainable as the cover
crop survives until spring.

Given that soybeans can fixate nitrogen and do not require external nitrogen inputs, having a legume as a
winter cover crop before soybeans may increase the risk of leaching. This can occur because the soybeans
may not take up the nitrogen fixated by the cover crop. Therefore, to achieve the carbon sequestration
potential and minimize the risk of leaching, a non-legume winter cover crop is used before soybeans. For
the winter cover crop coming after soybeans and before corn, a legume can be chosen, as soybeans do not
generate a nitrogen credit for the following crop (see chapter 4.5.2). With this approach, the carbon
sequestration potential can be realized and the emissions from nitrogen fertilization in corn can be reduced.

Taking these considerations into account, the focus group mentioned that cereal rye was the cover crop
that they had successfully tested before soybeans. As for the legume cover crop before corn, they stated
that hairy vetch could be established. Although they had tested red clover as an alternative as well, they
mentioned that it was not possible to obtain a uniform cover as not all the seeds emerged. Hence, the
estimation of the mitigation strategy is conducted for cereal rye and hairy vetch. The seed rate stated by
the focus group for these cover crops is 84 kg/ha and 34 kg/ha, respectively.

The seed prices mentioned by the focus group are 0.5 USD/kg for cereal rye and 4.4 USD/kg for hairy vetch.
However, they also stated there is no competitive market for seeds for winter cover crops, as this practice
is not common in the area. Arguably, this implies that the current seed prices for vetch and cereal rye may
be higher than if the practice was more used. Theoretically, if cover cropping becomes mandatory, growers
and seed producers would use the following season to produce seeds for cover crops. The additional seed
production would quickly increase the supply, lowering the price in a short time frame. Consequently,
estimating this GHG mitigation strategy using current seed prices would depict the mitigation cost only for
the short-term. Hence, to calculate GHG mitigation costs that represent a long-term scenario, the
theoretical seed prices are estimated.

An alternative for growers using rye as a winter cover crop would be to utilize farm-produced seeds. Since
cover crops are not harvested, the grower does not need to purchase certified seeds to maximize grain
yields. Hence, the rye produced by other farms would suffice to establish the cover crop. If this were the
case, the grower producing rye as a cash crop would accept the market price for the product, as his decision
is not affected by the buyer’s intended use. Therefore, it can be assumed that the market price of rye is an
indication of the cost that seeds for cover crops would have in the long-term. Therefore, a seed cost of
0.2 USD/kg is assumed for rye, based on the price from 2016-2018 (USDA, 2021b).
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The same principle applies for hairy vetch. However, no information on the average price of this crop in the
USA or at the international level could be found. Hence, prices are obtained from consultation with experts
of the agri benchmark Cash Crop network®. Thus, a price of 0.4 USD/kg is assumed.

An additional 8 USD/ha is assumed for the inoculant for hairy vetch. The inoculant, in this case, Rhizobium
is the bacteria responsible for the biological fixation of the nitrogen in the soil. Without it, the nitrogen
fixation potential is severely limited, which not only reduces the growth rate of the cover crop but also
reduces the potential nitrogen available for the following crop (Lawson et al., 2013).

Although seed prices have been adjusted for this analysis, the presumptions used in the adjustment are
based on the current market situation, which has a comparatively low demand for this type of seed. Thus,
it is possible that in a scenario with cover cropping becoming mandatory, the widespread demand could
lower the prices for these seeds beyond what has been assumed here, as more seed producers would enter
the market, increasing supply. Nonetheless, given that no price projections exist for these crops, the prices
assumed for the calculation are deemed a valid approximation.

Considering the seeding rates and assumed costs for seeds, rye is calculated to cost 18 USD/ha and vetch,
22 USD/ha. Given that the cover crops in the Typical Farm are terminated before they reach maturity, it is
not possible to save seeds for later use. No fertilizers or pesticides are applied to the cover crops during
their growing time.

In lowa, the seeding of cover crops typically is conducted by contractors, according to the focus group. The
average price for this service is 42 USD/ha. In this price, it is assumed that both cover crops are seeded using
a seed drill. The alternatives mentioned in the discussion were using an airplane or broadcasting. However,
both were considered inadequate due to the lack of uniformity in the distribution of the seeds. Hence,
despite contractors offering these alternatives at lower rates per acre compared with drill seeders, the need
to use more seed and the risk of not establishing a proper plant population deter growers. Consequently,
the cover crop is assumed to be drilled by a contractor directly after the harvest of the crops. The diesel
usage of the contractor (3 I/ha) is included in the GHG emissions.

The nitrogen fixation potential of legumes is largely dependent on the growing period and weather
conditions. The focus group mentioned that they estimated the nitrogen biological fixation potential of
hairy vetch in lowa to be between 28 and 39.2 kg N/ha. To assess this statement, a literature review was
conducted, considering the crop rotation, harvest and seeding dates and the climate in lowa.

Ruffo and Bollero (2003) and Bollero and Bullock (1994) calculated the fixation potential of hairy vetch in
northern Illinois. The test fields of the studies are in a similar climatic condition, but the reported winter
average temperatures are approximately 1° to 2°C higher than in the case study region in lowa. The authors
of both studies concluded that nitrogen credit from vetch for the next crop is approximately 40 to
45 kg N/ha. These studies were conducted using a seeding rate similar to the one stated by the focus group.
Given the slightly lower temperatures in lowa in winter, the growth rate of vetch would be slower and it
would fixate less nitrogen (Brainard et al., 2012). Consequently, for the nitrogen fixation of vetch in lowa,
the average of the range (34 kg N/ha) provided by the focus group is used as the standard case for the
estimation. This represents a reduction of the nitrogen fixation of 23% compared with the literature. The
bottom and upper values of the range the focus group stated (28 and 39 kg N/ha) are used for the best and
worst case analyses. The rate of anhydrous ammonia is reduced by the nitrogen fixated. Moreover, this
assumption also implies that the nitrogen available in the system used for the estimation of the adjustment
factor remains unchanged compared with the baseline scenario. The estimation on the nitrogen fertilization
of corn for each case is shown in Table 4.12.

18 |nterview with agricultural analyst of the Spanish National Network of Typical Farms (personal communication,

30.05.2021)
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Table 4.12 Nitrogen rate and supply from fixation by cover crop for Typical Farm in lowa
Total nitrogen Synthetic nitrogen Nitrogen from fixation
cose (ke N/ha) (ke N/ha) (ke N/ha)
Standard 181 147 34
Best 181 142 39
Worst 181 153 28

Source: own estimation.

As discussed in chapter 3.6.2.3, winter cover crops have been shown to reduce the NOs leaching rate from
nitrogen fertilizer into groundwater (Meisinger, 1991; Tully and Ryals, 2017). However, considering that
hairy vetch is seeded after soybeans, which are assumed to not generate a nitrogen credit for corn, the
nitrogen that could be retained is considered as limited. Hence, it is assumed that hairy vetch does not alter
NOs losses. Rye is used before soybeans, which do not receive nitrogen fertilizer in the fall, which is among
the key drivers of leaching (Di and Cameron, 2002). This cover crop could retain a share of the nitrogen left
in the soil after the harvest of corn. Field trials in lowa indicate that the reduction of nitrogen leaching by
rye in corn—soybean rotations is less than 4 kg N/ha per season (Zhiming Qi et al., 2008). Moreover, these
trials terminated the cover crop later than what is assumed in this assessment. Therefore, the trials had a
longer time window in which leaching was reduced by the cover crop. Consequently, the reduction of
leaching for the Typical Farm is likely to be even smaller. Thus, it is assumed that rye’s effect on leaching is
negligible in this case.

It is possible to delay the seeding of corn to enable the cover crop to have a longer growth period in spring,
providing more time to fixate more nitrogen. However, considering the fixation rate, it is recommended to
terminate the cover crop to maintain the seeding date of corn as delaying it would reduce corn yields (Ruffo
and Bollero, 2003). Hence, the standard planting date of corn is maintained, as the foregone revenue from
delaying seeding is higher than the savings in fertilizer attainable from an extended nitrogen fixation period
of vetch. To illustrate, based on results provided by Abendroth et al. (2017), delaying the seeding of corn
by two weeks could imply a revenue loss from the reduced yield equivalent to 45 kg N/ha as anhydrous
ammonia. This is higher than the estimated nitrogen fixation potential of vetch on the Typical Farm.

No negative effects on corn yield are reported from growing a cover crop and the residues of hairy vetch
are indicated to be completely decomposed by the end of corn’s growing season (Ruffo and Bollero, 2003).
Similarly, rye crop residues are reported to not generate negative effects on the soybean yields, based on
field trials conducted in lowa (Moore et al., 2014).

In the case of the Typical Farm, it is assumed that both cover crops are terminated with glyphosate in early
spring. This implies an additional pass with pesticide in corn and soybeans, which increases costs of diesel
and labor, as well repairs and maintenance of the pesticide sprayer. In the current tillage program of the
farm, superficial tillage is conducted before seeding. This process integrates the residues of the cover crops
into the upper layers of the soil to promote its decomposition. This lowers the risks of negatively affecting
the development of the corn and soybean seedlings due to the cover crop’s biomass (Wayman et al., 2015).
Consequently, no changes in yields are assumed.

For the estimation of the GHG emissions, the biomass of crops grown is considered a source of N,O
emissions. This includes cover crops and is caused by the biomass of the plants acting as a substrate for the
bacteria to process. The processing by the bacteria transforms a share of the nitrogen in the crop residues
into N2O. Consequently, if more biomass is available, more emissions will be released. For this calculation,
the biomass of hairy vetch reported by Ruffo and Bollero (2003) and Bollero and Bullock (1994) is used as a
reference, as these studies are also considered for the assessment of the nitrogen fixation potential already
presented. On average for all locations in both studies, the authors reported a yield of 1.4 t/ha as dry
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matter. However, taking into account the considerations of the colder winter in lowa limiting the growth
potential of the vetch, the biomass is adjusted as well. Thus, the dry matter from the studies is reduced
using the same percentage difference assumed for nitrogen fixation, which was previously estimated as
23%. Therefore, the dry mass of hairy vetch is reduced to 1.1 t/ha. For the biomass of rye, the results from
Moore et al. (2014) are used, which indicate a dry mass of 2.7 t/ha without the use of fertilizers and a
seeding density similar to that reported by the focus group. Given that these results are from lowa and for
similar harvesting and seeding dates as those in the Typical Farms, no adjustment is made®.

No scientific literature could be identified that evaluates the long-term effect of cover cropping in soil
organic carbon in conditions similar to the Typical Farm. Still, research by Kaspar et al. (2006) can be used
to provide a reference. In this three-year project in lowa, the use of rye as a cover crop following soybeans
in rotation with corn was tested. They concluded that rye had a positive effect on the soil organic carbon,
implying that carbon sequestration took place. However, in another study conducted in eastern South
Dakota, a state located to the northwest of lowa, Chalise et al. (2019) could not identify a significant effect
in carbon sequestration. In this three-year study, the authors tested a mixture of hairy vetch and rye in
combination in a corn—soybean rotation.

Nevertheless, the effect of cover crops on soil organic carbon is not always detectable in the first year of its
implementation (Acuiia and Villamil, 2014; Blanco-Canqui et al., 2014). Therefore, to properly determine
the effect of cover crops on soil organic carbon, long-term studies are necessary. Consequently, in the
absence of location-specific data from long-term research, the methodology provided by IPCC (2019a) is
used for the estimation of the carbon sequestration potential (see chapter 3.5.6).

To use this approach, it is necessary to consider the soil and climate of the region to determine a reference
carbon stock of the soil. This estimation was already conducted for the reduction of tillage intensity (US-2).
As in that case, to estimate the current carbon stock of the soil, the reference value is adjusted using
coefficients for the type of land use, the input of organic matter and the tillage intensity. The use of cover
crops is included in IPCC’s coefficient for the input of organic matter. IPCC provides these factors as a default
value with a range. The default value is used for the standard case. The upper value of this multiplication
factor is used for the best case as it implies the highest soil organic carbon. Correspondingly, the bottom
value is used for the worst case. IPCC assumes for the worst-case scenario that the cover crops do not
generate carbon sequestration. Therefore, in the worst-case scenario, the GHG mitigation effect of carbon
sequestration is assumed to be zero.

IPCC’s coefficients are a statistical inference derived from the distribution of results obtained from a
literature review. In the case of the coefficient for the input of organic matter, it is not specific for the
practice of cover cropping. This factor aggregates other practices aimed at increasing the production of
biomass on the field to promote carbon sequestration. Therefore, the result of the worst case not
sequestering carbon may be a consequence of other practices not affecting soil organic carbon. Poeplau
and Don (2015) conducted a meta-analysis focused on assessing the effect of winter cover crops on soil
organic carbon. They found a statistically significant correlation between this practice and carbon
sequestration. It is not possible to transform their results to match IPCC’s coefficients. Consequently,
following IPCC’s methodology, the worst-case scenario considers no carbon sequestration in the soil, yet
the probability of this being the case is considered highly unlikely.

19 To determine the nitrogen content in the crop residues of rye and vetch, the standard values from IPCC (2019a) are used.
Based on the description provided by Moore et al. (2014) and Bollero and Bullock (1994), the crop residues are assumed
to depict the entire above-ground biomass (see chapter 3.5.1.1). The coefficients are shown in Table A.4 and indicate the
crop residues from vetch contain, in total, 40 kg N/ha and of rye, 20 kg N/ha. These values are added to the nitrogen
available from the crop residues from corn and soybeans, respectively.
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A limitation of IPCC’s approach is that it does not distinguish between types of cover crops or their biomass.
It only indicates a general coefficient for a system with cover crops and the same system without them. The
difference in the soil organic carbon between these systems represents the carbon sequestration potential
of this strategy. This change is assumed to occur linearly over 20 years, as described in chapter 3.5.6. Once
the 20-year period is over, the soil stops binding additional carbon and its potential as a GHG mitigation
strategy is assumed to be completed. The carbon remains bound to the soil only if the grower maintains
the practice of cover cropping. If the practice no longer is applied, the carbon is released as GHG. The

resulting carbon stocks and sequestration potentials (presented as “annual GHG mitigation potential”) are
shown in Table 4.13 and the coefficients in Table A.14 in the Appendix.
Table 4.13 Soil organic carbon stocks and sequestration potential with cover crops over 20 years for
Typical Farm in lowa
. . . . Annual GHG
Soil organic carbon Soil organic carbon . A
Case . . Difference mitigation
without cover crops with cover crops -
potential
(t COZeq/ha) (t COZeq/ha) (t COZeq/ha) (kg COZeq/ha)
Standard 216 240 24 1,190
Best 216 264 48 2,393
Worst 216 216 0 0

Note: To transform COzeq to C, the COzeq value must be divided by 3.67.
Source: own estimation based on IPCC (2019a).

As previously presented in Table 4.12, the nitrogen fixation potential of vetch is estimated as a range that
is used for the standard, best and worst cases. Those cases are matched with the corresponding case of the
carbon sequestration potential shown in Table 4.13. To exemplify, the highest fixation potential is matched
with the highest carbon sequestration potential to determine the best case.

Arguably, the need to produce the seeds for cover cropping results in additional GHG emissions, as these
crops are not usually grown in lowa. These emissions are released from the cultivation of the crop to obtain
the seeds to be used in the Typical Farm. Experts’ knowledge is used to determine the average yields and
corresponding fertilizer and diesel requirements to produce these seeds®. The values are used to calculate
the GHG emissions, which are then divided per kilogram of seed produced. These emissions are multiplied
by the respective seed density of the cover crop used in the Typical Farm. The inputs and the resulting GHG
emissions entailed in the production of seeds for the cover crops are shown in Table 4.14.

The estimation of the emissions from rye and vetch is conducted following IPCC (2019a) and coefficients
and emission factors are presented in Table A.4 in the Appendix. To determine the adjustment factor for
the production of the seeds for cover cropping (see chapter 3.5.1.3), the values from IFA (2020) for the
nitrogen content of the harvested parts are used. Rye grains are assumed to have 1.8% nitrogen and vetch,
2.1%. These values are expressed including the moisture of the grain; hence, it is not necessary to calculate
the dry matter. Considering the yields, the total removal of nitrogen via harvest is 117 kg N/ha for cereal
rye and 53 kg N/ha for hairy vetch. The nitrogen fixation of hairy vetch based on the yield obtained is
obtained from experts’ knowledge® and is assumed to be 85 kg N/ha. This factor is utilized as the only

20 For rye yield and input use, data are based on information provided by Ronald Haugen from the North Dakota State

University (personal communication, 31.05.2021) and from the dataset from agri benchmark agri benchmark Cash Crop
(2022). The data for vetch is obtained from agricultural analysts of the Spanish National Network of Typical Farms
(personal communication, 30.05.2021)

21 |nformation provided by Dr. Herwart Boehm from the Thuenen Institute of Organic Farming (personal communication,

02.06.2021).
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source of nitrogen relevant to the system, which is used in the adjustment factor. In cereal rye, the only
source is the urea used to provide nitrogen.

Table 4.14 Emissions from production of seeds for cover crops for Typical Farm in lowa
Yield Nitrogen Phosphorus Potassium Diesel Emissions
Crop
(t/ha) (kg N/ha) (kg P20s/ha) (kg K20/ha) (I/ha) (kg CO2eq/t crop)
Rye 6.5 150 30 50 35 331
Vetch 2.5 0 40 60 25 260

Note: The emission factor used in the Typical Farm is assumed in this calculation. The fertilizers used for the emissions from
manufacture are urea for nitrogen, triple superphosphate for phosphorus and potassium chloride for potassium. The GHG
emission factors for North America provided by Brentrup et al. (2018) are chosen. For the calculation of vetch, it is assumed
that only the seeds are harvested to be sold; the crop residues are incorporated into the soil.

Source: own estimation.

The resulting GHG emissions from cereal rye and hairy vetch seed production are calculated applying the
coefficients by IPCC (2019a) and are shown in Table A.4 in the Appendix. The resulting emissions from the
production of seeds for cover cropping are 29 kg COzeq/ha for cereal rye and 9 kg COzeq/ha. These GHG
emissions are added to an emission category named “seeds” under the respective crops. The same values
are used in the three cases.

Since this strategy implies changes in corn and soybeans, the estimation of costs and GHG emissions are
presented for each crop. Furthermore, given that carbon sequestration occurs only for a limited amount of
time, the analysis of this strategy is divided into a transition and a stable stage. The transition stage depicts
the 20 years during which the soil sequesters carbon and the stable stage, the situation after the soil has
reached a new balance of soil organic content.

Total costs in transition stage from implementing the mitigation strategy

The changes in the cost of using winter cover crops in the Typical Farm during the transition stage of 20
years are presented in Table 4.15. These changes consider the baseline as the reference point. Since the
use of cover crops generates different costs in each crop, the changes are presented for each crop
individually.

The costs of the seed for the cover crop hairy vetch are represented in the seed costs of corn and the costs
for rye in the category soybean. Given that the cover crops are not a part of the baseline, implementing
them would increase the expenditure in seeds. The average increase would be 20 USD/ha.

“Fertilizer” in corn is the only category whose change is different across the cases. This results from the
assumption of the amount of nitrogen fixed by hairy vetch, which generates different values of reduction
in the usage of nitrogen fertilizer. This reduction in corn ranges from 22 to 31 USD/ha. No changes in the
fertilizer usage in soybeans are assumed, hence the difference is zero.

The additional pass to terminate the cover crop generates increased costs for herbicide, which are included
in the category “pesticides.” The same rate is used in soybean and corn. The additional pass also increases
the costs of repairs and maintenance of the machinery as well as diesel and labor in the same magnitude
for both crops. The use of contractor services to seed the cover crops also is equal across both crops and all
cases (42 USD/ha). The category “liming” is included in “remaining,” as it is not affected by the mitigation
strategy.

During the transition stage, this mitigation strategy would increase corn costs by 54 USD/ha in the standard
cases, 49 USD/ha in the best case and 58 USD/ha in the worst case. In soybeans, the change is equal across
the cases and implies an increase of 76 USD/ha. To estimate the average cost of using cover crops in the
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Typical Farm, the simple average of the difference in the costs of corn and soybean is used. As a result, this
practice is estimated to increase the costs by an average of 65 USD/ha in the standard case, 63 USD/ha in
the best case and 67 USD/ha in the worst case. These are the costs used in the estimation of the mitigation
cost per ton of CO; reduced.

Table 4.15 Difference in costs using cover crops vs. baseline scenario for Typical Farm in lowa during
transition stage (USD/ha)

Standard case Best case Worst case
Corn  Soybean Avg. Corn Soybean Avg. Corn Soybean Avg.
Seed 22 18 20 22 18 20 22 18 20
Fertilizer -26 0 -13 -31 0 -15 -22 0 -11
Pesticides 12 12 12 12 12 12 12 12 12
Diesel 1 1 1 1 1 1 1 1 1
Labor 1 1 1 1 1 1 1 1 1
Machinery 2 2 2 2 2 2 2 2 2
Contractor 42 42 42 42 42 42 42 42 42
Remaining 0 0 0 0 0 0 0 0 0
Total 54 76 65 49 76 63 58 76 67

Source: own estimation.

Emissions per hectare in transition stage from implementing the mitigation strategy

Table 4.16 presents the change in GHG emissions caused by transitioning the Typical Farm from reduced
tillage to no-till using the emissions from the baseline as reference. Each crop is presented individually as
the changes are different. The emissions from the category “direct” for corn are reduced in all cases. Two
of the factors considered in this category are the emissions from crop residues, including the residues from
hairy vetch, as well as the emissions triggered by the use of nitrogen fertilizer. The additional residues from
the cover crop increase the GHG emissions from this category, as bacteria use the crop residues in their
metabolism and release N,O as a result. However, the reduced input of fertilizer lowers the GHG from this
source. The change in emissions from the three cases varies depending on vetch’s assumed nitrogen fixation
rate. The best case assumes the highest nitrogen fixation potential, which implies the greatest reduction in
the use of nitrogen fertilizer.

In soybeans, the emissions from “direct” are increased in all cases. This results from the crop residues from
rye releasing GHG emissions. Contrary to corn, in soybeans there is no source of GHG reduction in the
emissions from this category. Hence, the additional emissions from the rye crop residues are not
compensated. The emissions from this category are the same in the three cases for soybeans. Overall, for
both crops, the change in GHG from “direct” on the average hectare amounts to a net reduction. In the
standard case, the decrease totals 42 kg CO,q/ha; in the best one, 63 kg CO2eq/ha and in the best worst
case, 21 kg COzeq/ha.

For the case of the volatilization and leaching depicted by the “indirect” category, the change in GHG
emissions is negative, yet negligible. This applies to all cases and both crops. For corn, as in the case of
direct, the lower input of nitrogen fertilizer compensates for the emissions triggered by vetch’s crop
residues. In soybeans, the slight reduction in GHG emissions is derived from the added crop residues. They
increase the nitrogen the systems loses as direct emissions, which implies that there is less nitrogen
available to be volatilized and leached (see chapter 3.5.1.3). The difference in the magnitude between direct
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and indirect in soybeans is due to the specific emission factors of each category. For the three cases for
indirect, the average hectare has a negligible net change.

The emissions from the production of the fertilizer, entailed in the category “manufacture,” are reduced in
corn due to the reduction of the rate of anhydrous ammonia. The changes differ between the cases based
on the reduction in the fertilization rate achieved by the use of the legume cover crop to fixate nitrogen.
These range from -85 to -119 kg COzeq/ha. No change occurs in this source of GHG emissions in soybean.
Diesel increases equally in all cases and crops from the seeding of the cover crop and its termination with
herbicide.

Land use entails the carbon sequestration promoted by the biomass of the cover crop being incorporated
into the soil. The change estimated here is the same for both crops, as the IPCC methodology used to
determine the carbon sequestration potential does not distinguish between types of cover crops or the
amount of biomass they produce (see Table 4.13). In the standard case, the carbon sequestration shown in
land use reduces GHG emissions by 1,189 kg CO.eq/ha, which applies to both crops. In the best case, the
sequestration potential is higher than in the standard case, resulting in a reduction in emission of
2,389 kg COzeq/ha. In the worst case, the IPCC methodology assumes that the soil organic carbon does not
change with the inclusion of cover crops, which implies that no reduction in the GHG from the carbon
sequestration takes place. However, as previously explained, this scenario is considered as highly unlikely
based on Poeplau and Don (2015).

The category “seeds” depicts the emissions from the cultivation to produce the seeds to be used in the
cover crops. These GHG emissions are the same across all cases. For corn, the emissions released to produce
the seeds of hairy vetch are 9 kg COz.q/ha. In soybeans with cereal rye as cover crop, the emissions are
29 kg COzeq/ha.

The average from both crops is used to assess the impact of cover crops in the Typical Farm during the
transition stage. In the standard case, GHG emissions are lowered by 1,252 kg COzeq/ha and in the best case
by 2,481 kg CO2eq/ha. In the worst case, given that no carbon sequestration is assumed, but more GHG
emissions are released from the crop residues, the emissions from the system with cover crops would be
reduced by only 33 kg COzeq/ha.

Table 4.16 Difference in GHG emissions using cover crops vs. baseline scenario for Typical Farm in
lowa in transition stage (kg COzeq/ha)

Standard case Best case Worst case
Corn Soybean Avg. Corn Soybean Avg. Corn Soybean Avg.
Direct -141 56 -42 -183 56 -63 -99 56 -21
Indirect 0 -1 0 0 -1 0 0 -1 0
Manufac. -102 0 -51 -119 0 -60 -85 0 -43
Diesel 12 12 12 12 12 12 12 12 12
Land use -1,189 -1,189 -1,189 -2,389 -2,389 -2,389 0 0 0
Seeds 9 29 19 9 29 19 9 29 19
Remaining 0 0 0 0 0 0 0 0 0
Total -1,411  -1,092 -1,252 -2,670 -2,292 -2,481 -163 97 -33

Source: own estimation.
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Mitigation costs in transition stage

As a result of implementing hairy vetch and rye as winter cover crops, during the 20 years considered in the
transition stage, the cost to mitigate GHG emissions would be 52 USD/t CO2q in the standard case and
25 USD/t COx¢q in the best case. Despite the unlikeliness of the worst case occurring, it would still offer a
mitigation potential of 2,025 USD/t CO2.q. The considerations in the decision to adopt this strategy are
discussed at the end of this chapter.

Total costs in stable stage from implementing the mitigation strategy

To maintain the carbon bound in the soil, the use of cover crops must be maintained indefinitely for
soybeans and corn. Consequently, due to the continued use of cover crops, the Typical Farm has higher
costs than in the baseline scenario. The practices used in the period after the 20-year transition stage are
the same in both crops and across all cases. Therefore, there are no differences in the costs of the transition
stage and the stable stage. Consequently, the same explanations and implications provided for the
transition stage (see Table 4.15) apply here.

As a result of using cover crops in the Typical Farm, the average increase in costs per hectare would range
from 65 USD/ha in the best case to 63 USD/ha in the worst case. The standard case implies additional costs
of 65 USD/ha.

Emissions per hectare in stable stage from implementing the mitigation strategy

No changes are assumed in the practices in the stable stage compared with the transition stage. Therefore,
the changes (see Table 4.16) and their explanations for the individual categories remain unchanged, except
for land use. This category includes the changes to the soil organic carbon. According to the methodology
used for the estimation of the soil organic carbon, the changes in the carbon stocks occur over 20 years.
Therefore, after this period, these values become zero and no more additional carbon is sequestered. This
applies to soybeans and corn in the three cases. Consequently, in the stable stage, GHG mitigation is
provided only by the nitrogen fixation, compared with the transition stage. The nitrogen fixation potential
of hairy vetch is assumed to stay unchanged.

The resulting emissions from corn in the stable stage, for all cases, are negative, as the reduced rate of
anhydrous ammonia is enough to compensate for the additional biomass of the cover crop increasing the
emissions from the soil. The emissions from manufacture also are reduced compared with the baseline
scenario. For corn, the total emissions are -222 kg COzeq/ha in the standard case, -280 kg CO2eq/ha in the
best case and -163 kg CO2cq/ha in the worst case. In soybeans, for all cases, the emissions become positive
(97 kg CO2eq/ha), as there is no further carbon sequestration taking place.

As a result, the average hectare of the Typical Farm during the stable stage would continue to have lower
emissions. In the standard case, the emission in the stable stage would be 62 kg CO3eq/ha lower than the
baseline scenario. The reduction in the best and worst cases are 92 and 33 kg CO,eq/ha, respectively.

Mitigation costs in stable stage and considerations on the adoption of the strategy

Overall, the use of hairy vetch and rye as cover crops in the Typical Farm in the stable stage implies a GHG
mitigation cost of 1,039 USD/t COzeq in the standard case. In the best case, the mitigation cost is
683 USD/t COy¢q and in the worst case, 2,025 USD/t CO2eq. The magnitude of these values is a result of the
low reduction of GHG emissions in the stable stage paired with the relatively high costs involved in growing
cover crops. Nevertheless, the additional cost during the stable stage can be perceived as the cost of
maintaining the carbon bound in the soil because, otherwise, the carbon stored in the soil would be
released to the atmosphere as CO,.
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The practice of cover cropping can have additional benefits that are not considered in this assessment. In
the short-term, they act as a barrier against wind and rainfall, reducing erosion. Their roots uptake nutrients
other than nitrogen, which are released when the crop decomposes, reducing the leaching rates in the
winter. In the long-term, the added soil organic carbon content can result in increases in the soil’s fertility,
which potentially could increase yields, improving the economic return of the cash crops. The increased
input of biomass also can improve the soil’s structure, increasing its water-holding capacity and likely the
yields of the main crop.

Currently, there are cost-share programs available for growers in lowa to begin or continue using cover
crops. For the implementation of this strategy, the existing legal and organizational mechanisms used in
these programs could be employed. This has the benefit that the overhead costs of funding the strategy
would be lower compared with establishing a new system to distribute the payments to growers. In this
regard, assuming this strategy is funded, maintaining the cost-share program is key for the mitigation
potential because if the grower stops using the strategy, the previous carbon sequestration would be
nullified. A stepwise implementation of the strategy also is feasible, as with the case of no-till (see chapter
4.5.3), which can help support the adoption of this strategy.

Monitoring of this mitigation strategy could be achieved via remote sensing. Satellite imagery could be used
to detect the biomass of the cover crop since it grows in a time when the field would have no growing crops
without the strategy. Theoretically, the use of this technology would make it possible to determine the type
of cover growing as well as its development stage (Hively et al., 2009). This would make the cost of
monitoring and enforcing this mitigation strategy comparatively low, as no labor-intensive mechanisms
such as field visits are needed.

Comparison of results from Typical Farm with literature

The simulations conducted by McNunn et al. (2020) for the Corn Belt already presented in the comparison
in chapter 4.5.2 include the use of cover crops in corn and soybeans. As in the Typical Farm, they evaluated
rye as an alternative, which is indicated to reduce emissions by 780 kg COzeq/ha. In the Typical Farm, this
cover crop is used before soybeans and is estimated to mitigate 1,092 kg COzeq/ha in the standard case of
the transition stage. This is the closest of the three cases in terms of mitigation potential.

The same study also includes clover as a legume cover crop that is indicated to abate 393 kg COzeq/ha. In
the Typical Farm, the legume chosen is vetch that is assumed to be used before corn. From three cases
evaluated in this Typical Farm, the only case that could be considered similar is the worst one in the
transition stage, which mitigates 163 kg CO2cq/ha. As a comparison, in the standard case, the mitigation
potential is 1,411 kg COzeq/ha.

Arguably, the differences can be attributed primarily to the different baseline assumed by the authors. In
their study, they consider that the farm initially uses a lower tillage intensity compared with the Typical
Farm. Hence, the soil has a lower potential to sequester carbon because it already has a higher carbon
content in the baseline.

4.5.5 Enhanced-efficiency fertilizer - nitrification inhibitors (US-4)

The rate at which nitrogen fertilizer transforms in the soil and becomes available to the plant depends on
the fertilizer type, weather and soil conditions. This transformation is effected by the soil bacteria and
implies that the nitrogen fertilizer becomes more mobile in the soil. The mobility facilitates the crop’s
uptake of the nutrient, but it also makes it susceptible to losses through leaching, volatilization and
emissions. The transformation rate can be slowed down with the use of chemical compounds. The specific
chemical depends on the type of nitrogen fertilizer (see chapter 3.6.2.4). In the case of the Typical Farm,
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the only source of nitrogen for corn is anhydrous ammonia, the transformation rate of which can be reduced
with the use of the additive nitrapyrin®. Given that slowing down the transformation rate gives the crop
more time to take up the nutrient and accumulate it in its structure, less nitrogen is transformed into N,O
or is lost as leaching, reducing GHG emissions. Consequently, given the reduction in the losses, the nitrogen
rate can be reduced.

Two additional nitrification inhibitors can be applied in combination with anhydrous ammonia:
dicyandiamide and pronitridine. Based on Akiyama et al. (2010), dicyandiamide’s efficiency at reducing N,O
emissions is lower than that of nitrapyrin. Literature studying the effect of pronitridine on N,O emissions
from anhydrous ammonia is scarce as the product was approved in 2018 for use in the American market.
No applicable results testing its effect as a GHG mitigation source were identified. Consequently, the
analysis of this mitigation strategy is conducted using nitrapyrin.

Nitrapyrin is generally recommended in lowa, especially for fall application of manure or synthetic fertilizer,
as it reduces the losses of nitrogen that occur in winter and early spring before the crop is seeded (Parkin
and Hatfield, 2010). Applying nitrapyrin does not require any adjustment or changes to the application
process or schedule, and it only needs to be mixed with the anhydrous ammonia in the tank. However, the
focus group stated they do not use nitrapyrin as they consider it an expensive input, especially if it is for a
spring application of nitrogen, as losses are estimated to be lower than from a fall application. The use
implies an additional cost of 22 USD/ha. Considering a price of nitrogen of 1 USD/kg, for the price of the
application of nitrapyrin, 28 kg N/ha could be added instead.

Akiyama et al. (2010) conducted a meta-analysis to assess the effect of various nitrification inhibitors based
on the type of inhibitors and the source of nitrogen. They concluded that nitrapyrin reduced emissions of
N0 by 31% to 44%. Wolt (2004) conducted a similar meta-analysis and determined the effect to be 51%.
However, both studies analyzed the effect across multiple crops, fertilizer rates and application timings.
Considering that the share of N,O emissions reduced is larger in fall applications due to the absence of the
crop, combining the results from fall and spring fertilizer applications may generate misleading results.
Furthermore, yearly differences in precipitation and temperatures also are indicated to determine the
effect of nitrapyrin in N,O emissions (Bremner et al., 1981). Hence, the inclusion of short-term studies in
these meta-analyses also increases the variation in the results. No long-term studies assessing the effect on
GHG emissions of nitrapyrin applied with anhydrous ammonia in conditions similar to the Typical Farm
could be identified®. Consequently, it is assumed that the results from the meta-analyses must be adapted
to be applicable.

The values from the meta-analysis by Wolt (2004) are used as reference to determine the change in nitrogen
losses as N,O. The studies included in this meta-analysis emphasized the Corn Belt region. In comparison,
Akiyama et al. (2010) includes studies from multiple climates that do not represent lowa or neighboring
states. This is considered relevant due to the effect of climate on the efficiency of nitrapyrin to reduce
emissions (Akiyama et al., 2010). Therefore, based on Wolt (2004), the reduction of nitrogen losses as N,O
is assumed to be 51%. The standard error of the analysis determines the range of values for the best and
worst cases. This results in a maximum reduction of 55% and a minimum reduction of 47%. To adapt these
values to the Typical Farm, it is assumed that they reduce the nitrogen losses as N;O. These emissions are
depicted by the category “direct” - the GHG emissions from the nitrogen cycle in the soil (see chapter
3.5.1.1). It is assumed that reducing the losses implies a need to apply less nitrogen as fertilizer since a
smaller share of the nutrient applied is lost to the environment. Therefore, the reduction in the nitrogen

22 Nitrapyrin is the common name of the chemical compound used.

2 The study by Parkin and Hatfield (2010) measuring emissions from anhydrous ammonia with nitrapyrin in corn in lowa is
not considered. This study is deemed as short-term. Furthermore, the results in this study do not produce statistically
significant results for the effect of nitrapyrin in GHG emissions from spring applications of nitrogen.
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rate is obtained by multiplying the nitrogen loss from direct in the baseline scenario (US-0) with the
estimated reduction in emissions from nitrapyrin.

Furthermore, Yadav (1997) measured the leaching of nitrogen from corn cultivation in three different
locations for a period of four years using multiple sources of nitrogen at varying rates. Among others, the
effect of nitrapyrin combined with anhydrous ammonia applied in spring was tested in two plots. Based on
the results, a statistical regression was calculated to account for inter-year variability. The test sites have
soil and climate conditions similar to the Typical Farm?*. The effect of nitrapyrin was statistically significant
for only one of the plots and indicates an average reduction in leaching of 25%. The author states that no
negative effects on corn yields were reported. No further applicable results could be identified in the
literature. Consequently, it is assumed that the use of nitrapyrin in the Typical Farm also reduces the
nitrogen losses via leaching by 25%. The author does not provide a range that can be used for the best and
worst cases; hence the same value is assumed for the three cases. These losses are depicted in the category
“indirect,” along with the losses from volatilization (see chapter 3.5.1.3). As with the reduction applied to
the nitrogen losses from direct emissions, the 25% reduction in leaching is assumed to be the potential
reduction to reduce the nitrogen rate. This potential reduction is the result of multiplying the losses from
leaching in the baseline by the reduction in leaching from nitrapyrin.

For the calculation of the total fertilizer reduction potential attainable by using nitrapyrin, the effect on
emissions in “direct” and on leaching are added. Since nitrapyrin reduces the losses of nitrogen from the
soil, the total reduction in the fertilization rate is assumed to not cause changes in corn yields because the
availability of nitrogen in the soil is not affected. The values and reduction of each case are presented in
Table 4.17. The total reduction shown in the last column is applied to the fertilizer rate on the Typical Farm.
This value also is used to reduce the adjustment factor applied to indirect emissions (see chapter 3.5.1.2).

Table 4.17 Effect of nitrapyrin and nitrogen fertilizer reduction for the Typical Farm in lowa
Emissions from direct Leaching Total
Case N loss Share Fertilizer N loss Share Fertilizer fertiliz_er
reduced reduction reduced reduction reduction
(kg N/ha) (%) (kg N/ha) (kg N/ha) (%) (kg N/ha) (kg N/ha)
Standard 35 51 1.8 30.5 25 7.6 9
Best 3.5 55 1.9 30.5 25 7.6 10
Worst 3.5 47 1.6 30.5 25 7.6 9

Source: own estimation.

An alternative to reducing the fertilizer rate would be to maintain the nitrogen rate unchanged when
applying nitrapyrin, which theoretically could increase yields, as reported in some studies (Akiyama et al.,
2010; Wolt, 2000, 2004). This occurs because reducing nitrogen losses results in additional nitrogen
becoming available to the crop, despite the same rate being applied. However, the conditions under which
this happens, and the magnitude of the change are not yet completely understood, especially since
nitrapyrin has been shown to promote the accumulation of nitrogen in the soil (Wolt, 2004). Therefore, it
is not possible to determine the effect that the perceived additional nitrogen available to the crop would
have on corn yields.

24 The field where the testing took place is in the south of Minnesota, the state located directly to the north of lowa.
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Total costs from implementing the mitigation strategy

All the costs are the same as in the baseline scenario (US-0) shown in Table 4.3 with exception of the cost
of fertilizer. The use of nitrapyrin lowers the nitrogen rate needed to maintain the corn yield, which reduces
costs of this category (-7 USD/ha). Yet, the cost of the nitrification inhibitor (22 USD/ha), included in the
same category, is higher than the savings from lowering the input of anhydrous ammonia. The resulting
change is an increase of 15 USD/ha in the cost of fertilizers. The cost is approximately the same in all cases,
as the only difference between them is less than 1 kg of fertilizer. Given that no other category has changes,
these results depict the cost of implementation of this GHG mitigation strategy in the Typical Farm.

Therefore, this GHG mitigation strategy generates additional costs; the cost of utilizing the nitrification
inhibitor in corn implies a change of 15 USD/ha in the three cases. The exact differences between the cases
are not shown due to rounding, but the difference between the best and worst case is less than 0.5 USD/ha.

Emissions per hectare from implementing the mitigation strategy

Table 4.18 presents the resulting GHG emissions per hectare from producing corn with the nitrification
inhibitor on the Typical Farm and the comparison with the baseline scenario. The nitrification inhibitor
lowers the emissions in the category “direct” as a result of lowering the nitrogen fertilizer input. The
reduction is 70 kg CO,eq/ha in the standard case with minuscule differences in the best and worst cases.

The emissions entailed in the category “indirect” experience the greatest reduction in GHG emissions. As
with direct emissions, this is the result of lowering the fertilizer rate, which implies that less nitrogen is
available in the system. The reduction in emissions from this category is 50 kg COzeq/ha in the standard case.
The best and worst cases have a difference of 1 kg COzeq/ha compared with the standard case. The
emissions from the manufacture of fertilizer are reduced as well. This reduction results from the lowered
use of anhydrous ammonia. This reduction totals 29 kg CO,eq/ha in the three cases.

The category “remaining” includes liming, urea, diesel and land use. “Diesel” is the only category from this
list that has emissions different than zero.

As a result of using the nitrification inhibitor in the Typical Farm, the GHG emissions are estimated to be
reduced by 149 kg COzeq/ha in the standard case, by 148 kg COzeq/ha in the worst case and by
152 kg COzeq/hain the best case. These are the values used to calculate the mitigation cost per ton of COzq.

Table 4.18 GHG emissions in corn using nitrification inhibitors for the Typical Farm in lowa

(kg CO2¢q/ha)

Baseline Standard case Best case Worst case

scenario Strategy Change Strategy Change Strategy Change
Direct 1,647 1,577 -70 1,575 -72 1,577 -70
Indirect 200 150 -50 148 -51 150 -49
Manufacture 606 578 -29 578 -29 578 -29
Remaining 210 210 0 210 0 210 0
Total 2,663 2,514 -149 2,511 -152 2,515 -148

Source: own estimation.
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Mitigation costs and considerations on the adoption, monitoring and enforcement of the strategy

The use of nitrification inhibitors in the production of corn on the Typical Farm in lowa results in a GHG
mitigation cost of 100 USD/t CO2¢q in the standard case. The best-case scenario implies a mitigation cost of
98 USD/t COz¢q and the worst case, 101 USD/t COxeq.

Using nitrification inhibitors does not imply investments in technology or changes in growers’ operations or
production strategies. Hence, it can be assumed that the implementation of this GHG mitigation strategy
could be achieved in a short time frame. Since there is no learning process for growers, support via
extension services would not necessarily need to be expanded as a result of the strategy. As with the
optimization of the nitrogen rate (see chapter 4.5.2), this strategy could be adopted on a fraction of the
acreage and increased gradually stepwise.

An additional benefit that is not directly covered in this assessment is reduction of NOs in water caused by
leaching. The methodology by IPCC (2019a) considers leaching due to N,O emissions that are released from
water bodies containing nitrates derived from fertilization. However, nitrates in the water pose an
environmental risk as they can cause eutrophication. In some regions in lowa, the concentration of nitrates
in water has reached levels harmful for humans (Jones et al., 2016). Hence, the installation of filtering
equipment to make the water potable and safe has been necessary. Since nitrification inhibitors reduce
leaching, they lower the concentration of nitrates in water. This reduces the environmental impact of
nitrogen fertilization beyond the reduction of GHG. Hence, this strategy would have a positive externality.

Monitoring the use of nitrification inhibitors in the field is possible. However, this requires taking soil
samples to measure the concentration of nitrapyrin. A limitation is that nitrapyrin could degrade at different
rates in the soil depending on weather (Wolt, 2000). Measuring its application therefore would be
challenging, as it may degrade before the soil sampling is conducted. This could pose a limitation if a random
soil sampling is part of the monitoring used by the controlling authority. Alternatively, it could be enforced
that all anhydrous ammonia is sold already mixed with nitrapyrin. This would have the advantage that
monitoring at farm-level would not be necessary. Furthermore, assuming a subsidy is used to cover the
additional costs, the fertilizer could be sold at the price that it would have without the nitrification inhibitor.

Introducing a tax on synthetic nitrogen would increase the price of the fertilizer, which could promote the
adoption of nitrification inhibitors. Since nitrogen would become more expensive, the cost entailed in the
loss of nitrogen as leaching would be higher. Thus, using inhibitors would imply a greater reduction in the
expenditure of fertilizer, which would make them comparatively more economical.

Comparison of results from Typical Farm with literature

The report by ICF (2013), already presented in the comparison in chapter 4.5.2, calculated the mitigation
potential of nitrification inhibitors to be 120 kg CO2.q/ha. This abatement is similar but lower than the worst
case assumed for corn in the Typical Farm, which is estimated to be 148 kg CO,eq/ha. However, the
mitigation costs from the report are 63 USD/t COzeq, Which is lower than even the best case of the Typical
Farm (98 USD/t CO2¢q). As previously presented, this is derived from the assumptions regarding the cost of
the input, especially the inhibitor, as well as the mitigation potential considered.

4.6 Combination of strategies (US-C)

Given the urgency to mitigate emissions to abate the effects of climate change, it is key to determine the
highest emissions savings potential achievable in a short time. This is achieved by combining multiple
mitigation strategies on the same acreage at the same time to stack their mitigation potentials. Yet, the
combinations may generate repercussions that must be addressed, both on the operational and economic
levels as well as in terms of GHG emissions. Thus, the objective of this section is to assess the barriers and
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synergies that may arise when implementing a combination of strategies to determine feasible options. The
evaluation of the combinations assumed as feasible and their resulting costs and GHG mitigation are
assessed in the next section.

To assess the limitations and synergies that may occur in the combination, the key changes and implications
of each strategy evaluated are presented and discussed. The changes are compared with the baseline
scenario (US-0) of the Typical Farm in lowa.

Arguably, the use of nitrification inhibitors (US-4) is the strategy that has the lowest impact regarding
technical changes or effects on the soil, the crop, or in the rotation because it does not imply changes in
the scheduling or realization of the operations. Thus, given the relative simplicity of its implementation, the
usage of the inhibitor would not interfere with any of the farm operations entailed in the other strategies.
Thus, it is theoretically feasible to combine this strategy with any other. Therefore, concerning the
combination, it is deemed that this mitigation strategy does not require further assessment.

Regarding the mechanization and scheduling of farm operations, optimizing nitrogen (US-1) fertilization
involves an additional pass to spread fertilizer, which is assumed to occur after the crop has been seeded.
Using cover crops (US-3) entails two additional farm operations: seeding the crop and terminating it.
Seeding the crop is done by a contractor and occurs after harvest of the cash crop. Termination takes place
before spring tillage operations, which are done to prepare the soil for seeding. Thus, no competition for
labor or machinery derives from implementing these two strategies together. Transitioning to no-till (US-2)
implies stopping the tillage of the soil. These tillage operations entailed in the baseline scenario are not
directly required for the accomplishment of the other mitigation strategies. Consequently, with regard to
mechanization, it is feasible to combine all the strategies as no negative interaction could be identified that
would impact the performance of the mitigation strategies.

No relevant effects on the soil or the crop management, which could interact with other strategies, are
assumed from the additional fertilizer pass to optimize the efficiency of nitrogen. However, combining no-
till with cover cropping implies that more biomass is left on the soil’s surface than in the individual
strategies. These combined residues would take longer to decompose and block a larger share of the
sunlight from reaching the soil. Consequently, the conditions for the seeds of the summer crop to germinate
would worsen, possibly lowering yields. Dozier et al. (2017) tested the effect of multiple species of cover
crops, including rye and hairy vetch, in corn and soybean yields across different tillage intensities. The tests
were conducted over three years and with four replications. No statistically significant effect on yield was
identified for the combination of cover crops with no-till. Moreover, they report that tillage did not affect
the biomass of the cover crops. Thus, the nitrogen supply provided by hairy vetch toward corn would not
be reduced. No further applicable scientific literature assessing the combined effect of cover crops and
tillage in conditions similar to this Typical Farm could be identified. Consequently, following Dozier et al.
(2017), it is assumed that no relevant interaction that alters yields occurs from the combination of these
two strategies.

No further limiting interactions are identified in this assessment. Consequently, it is assumed that it is
feasible to implement the combination of all the strategies without negatively affecting yields or other
performance indicators on the Typical Farm in lowa.

The resulting changes in GHG emissions and associated costs are presented in the following section. Only
the elements for which the combination leads to interactions causing effects different from the individual
strategy are discussed. Thus, the elements of the individual strategies not mentioned are assumed to
remain unaffected by the combination.

As with the previous analysis, the combination is compared against the baseline scenario. The estimation
of the standard, best and worst cases for the combinations is conducted by matching the corresponding
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case of each individual strategy. For instance, the best case for no-till is paired with the best case for the
optimization of nitrogen and from nitrification inhibitors to establish the best case of the combination.

Costs and mitigation potential of optimization of nitrogen rate, no-till, use of cover crops and nitrification
inhibitors combined

Combining all the mitigation strategies would generate two sources of GHG reduction: lowering the
emissions triggered by nitrogen use and carbon sequestration in the soil. Both sources are affected by more
than one strategy. Thus, the interactions in the combinations must be assessed. The carbon sequestration
potential attributable to the strategies is realized over 20 years. Thus, the assessment is divided into a
transition stage and a stable stage. Moreover, the effects on corn and soybean are presented because some
strategies affect both crops.

The strategies affecting emissions from nitrogen are the optimization of the nitrogen rate (US-1), hairy vetch
as a cover crop (US-3), and nitrification inhibitors (US-4). These three strategies have different approaches
to reducing emissions, which have already been explained in detail in the respective chapters. However,
the total change in the nitrogen rate from their combination must be determined.

The strategy of optimization of nitrogen rate focuses on lowering the fertilizer rate to the minimum needed
for yields to remain constant and avoid soil mining, which occurs when not enough nitrogen is supplied to
cover the requirements of the crop and the losses from the soil. However, the use of nitrification inhibitors
reduces the proportion of nitrogen losses, increasing the share of the nitrogen application that remains in
the soil and can be used by the crop. Thus, adding nitrification inhibitors to the optimized nitrogen rate
would enable lowering it even more (see chapter 4.5.2) since the losses from the system would be reduced
without decreasing the availability of the nutrient for the crop.

Moreover, this rate of nitrogen could be further reduced by discounting the nitrogen provided by hairy
vetch. The nitrogen mineralized from this cover crop is assumed to replace a share of the requirement of
synthetic nitrogen in corn (see chapter 4.5.4). The mineralization rate of the nitrogen in the hairy vetch
residues is unaffected by the nitrification inhibitor (Chalk et al., 1990; Crawford and Chalk, 1992).

To calculate the total nitrogen reduction in the combination, the nitrogen from fixation by hairy vetch (US-
4) is deducted from the optimized nitrogen rate (US-1) to determine a preliminary fertilizer rate. The GHG
emissions from this preliminary rate are added to the emissions triggered by the nitrogen in the crop
residues from hairy vetch. This indicates the total losses on which the nitrification inhibitor acts. Following
the same procedure and coefficients presented in chapter 4.5.5, nitrapyrin reduction of nitrogen losses as
emissions from direct and leaching then is applied. The total nitrogen reduction from nitrapyrin is presented
in Table B.4 in the Appendix.

The resulting nitrogen rate used in the combination is shown in Table 4.19. The reduction from the
nitrification inhibitor shown in the fourth column is the lowest in the best case. As previously explained, the
best case means that the highest reduction in the nitrogen rate is assumed. In turn, this implies that this
strategy leaves the least amount of nitrogen susceptible to being lost. Hence, the amount of nitrogen on
which nitrapyrin has an effect is the lowest in the best case. Therefore, the nitrogen reduction potential
from the nitrification inhibitors in the best case of the combination is the lowest of the three cases, despite
assuming the highest reduction of nitrogen losses by the nitrification inhibitor (see third column in Table
B.4 in the Appendix). Equivalently, the worst case results in the highest reduction potential from nitrification
inhibitors.
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Table 4.19 Nitrogen rate in combination of strategies for Typical Farm in lowa
Rate in Reduction of nitrogen rate Rate in

Baseline Optimization Nitrification Combination

Case (Us-0) of nitrogen Cover crop Inhibitors (US-C)
(Us-1) (Us-3) (Us-4)

(kg N/ha) (kg N/ha) (kg N/ha) (kg N/ha) (kg N/ha)
Standard 181 15 34 6.4 126
Best 181 25 39 4.3 112
Worst 181 5 28 8.5 139

Source: own estimation.

No applicable studies testing the effect on corn yields from these combined strategies, or the resulting rate,
could be identified. However, the meta-analysis from Wolt (2004), which was discussed in chapter 3.6.2.4,
can be used as a reference. Several results included in this study utilize nitrogen rates considerably lower
than what is assumed in this case. Among them are the results from Cerrato and Blackmer (1990) for corn
in lowa. In most of the trials, no change or a positive one is reported by the authors, although it is indicated
that the yield was reduced in some cases. Consequently, while there is a degree of uncertainty on the
specific conditions in which nitrapyrin may influence corn vyield, it is assumed that no interaction with a
negative outcome on the yields occurs in this case.

The carbon sequestration potential in the combination can be calculated following the IPCC (2019a)
methodology. Their approach already was used to determine the potential of transitioning to no-till (US-2)
and cover cropping (US-3) individually. The coefficients used in this case as well as the resulting carbon
stock of the system under the combination are shown in Table A.14 in the Appendix. The mitigation
potential used in the combination of strategies is shown in Table 4.20.

Table 4.20 Soil organic carbon stocks and sequestration potential with combination of strategies
over 20 years for Typical Farm in lowa

. . . . Annual GHG
Soil organic carbon Soil organic carbon . L.
Case . .. . L. Difference mitigation
without combination with combination -
potential
(t COZeq/ha) (t COZeq/ha) (t COZeq/ha) (kg COZeq/ha)
Standard 216 252 35 1,768
Best 216 288 72 3,580
Worst 216 218 1 67

Source: own estimation.

According to IPCC (2019a), the carbon sequestration potential of the combination is greater than the
potential of the two individual strategies, which can be interpreted as a synergistic effect®® (see chapter
3.5.6). Calegari et al. (2008) tested multiple cover crops across no-till and tillage systems over 19 years in a
corn—soybean rotation in southern Brazil. The results indicated that the implementation of both strategies
(no-till and cover cropping) produced the highest gain in soil organic carbon. Although the crop rotation is
not mentioned, similar results are reported for Denmark by Abdollahi and Munkholm (2014) for fields
receiving a similar treatment for 10 years. No long-term studies testing these factors in climatic conditions

25 The approach is based on multiplication of coefficients. Tillage management and the input of organic matter, which

depicts the use of cover crops, among other elements, have their own coefficient. While in the individual strategies only
one of the coefficients is modified, in the combination both are changed. Therefore, they multiply with each other,
resulting in a value greater than their sum (see Table A.14 in the Appendix).
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similar to lowa could be identified. Hence, although these two studies resemble only partly the situation of
this Typical Farm, they are considered an indication of the plausibility of the synergies generated by the
approach used in this analysis.

Total costs in transition stage from implementing the mitigation strategy

The changes in the cost of optimizing the nitrogen rate, using nitrification inhibitors, transitioning to no-till
(including the yield penalty) and establishing cover crops on the Typical Farm in lowa are shown in Table
4.21. The values represent the 20-year transition stage.

Seed costs are increased due to the use of hairy vetch and cereal rye to establish cover crops. This cost on
the average hectare is 20 USD/ha and is the same across the standard, best and worst cases. The cost of
fertilizer is reduced in corn, which results from lowering the use of anhydrous ammonia. The variation in
the reduction in cost observed in the three cases depends on the nitrogen fixation potential of hairy vetch,
the reduction from nitrapyrin and the reduction from the optimization of the nitrogen rate. The cost of
nitrapyrin is included in this category and is equal in the three cases. No change in this category is observed
in soybeans. The total cost reduction from fertilizer for the average hectare is 10 USD/ha in the standard
case and ranges from 16 to 5 USD/ha for the best and worst cases.

The additional costs of pesticides are the same in corn and soybeans (12 USD/ha) in all cases. This is derived
from the additional pass to terminate the cover crop before seeding the summer crops. The categories
diesel, labor and machinery have a decreased cost. Although the combination implies added costs from
additional applications of pesticides and fertilizers, transitioning to no-till reduces these costs comparatively
more. The sum of these three categories implies a reduction of 23 USD/ha on the average hectare in the
three cases. Similarly, for both crops, the expenditure on contractors, which are hired to seed the cover
crops, increases by 42 USD/ha. Likewise, the foregone revenue from the yield penalty is the same in all
cases, averaging 34 USD/ha. Liming is included in the category “remaining,” which is not affected by the
mitigation strategies.

As a result of applying the combination of strategies, the total for the average hectare would be an increase
in the cost of 76 USD/ha in the standard case, 70 USD/ha in the best case and 81 USD/ha in the worst case.
These costs are used for the estimation of the mitigation cost per ton of CO,.
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Table 4.21 Difference in costs combination vs. baseline scenario for Typical Farm in lowa in
transition stage (USD/ha)

Standard case Best case Worst case
Corn Soybean Avg. Corn Soybean Avg. Corn Soybean Avg.

Seed 22 18 20 22 18 20 22 18 20
Fertilizer -21 0 -10 -31 0 -16 -10 0 -5
Pesticides 12 12 12 12 12 12 12 12 12
Diesel -8 -3 -6 -8 -3 -6 -8 -3 -6
Labor -5 -1 -3 -5 -1 -3 -5 -1 -3
Machinery -20 -8 -14 -20 -8 -14 -20 -8 -14
Contractor 42 42 42 42 42 42 42 42 42
Foregone 55 13 34 55 13 34 55 13 34
revenue

Remaining 0 0 0 0 0 0 0 0 0
Total 79 73 76 68 73 70 89 73 81

Source: own estimation.

Emissions per hectare in transition stage from implementing the mitigation strategy

Table 4.22 shows the GHG emissions during the 20-year transition period from combining the GHG
mitigation strategies. The emissions from direct and indirect in corn are considerably reduced in all three
scenarios. These emissions are lowered by the reduction of nitrogen fertilizer input, which is one of the
main drivers of the GHG emissions from these categories. The yield penalty from no-till results in fewer crop
residues, yet the added biomass from the cover crops increases the total nitrogen in residues compared
with the baseline. However, compared to the reduction from the lowered nitrogen rate, this increase is
negligible. The combined effect of direct and indirect in corn is a reduction of 414 kg COzeq/ha in the
standard case, 557 kg CO2eq/ha in the best case, and 272 kg COzeq/ha in the worst case. Since the best case
assumes the largest reduction in nitrogen, it also results in the highest mitigation of emissions from these
categories.

The difference in GHG released from these categories in soybeans is the same in the three cases. The change
is principally a product of the additional biomass from the cover crop, which results in additional crop
residues available for the bacteria to decompose, increasing the release of GHG. The yield penalty implies
that less nitrogen is available to be lost, as the fixation potential is determined as a function of the soybean
yield (see chapter 4.5.1). This slightly lowers the indirect emissions. Nevertheless, the magnitude of the
change can be considered negligible. The total change from direct and indirect in soybeans is
55 kg CO2eq/ha. The category “seeds” depicts the emissions from the cultivation of hairy vetch and rye to
obtain the seeds to use as cover crops. These are the same across the three cases and, on average for both
crops, are 19 kg COzeq/ha.

The emissions from manufacture also are reduced in corn, as the intensity of the use of fertilizer is reduced.
No changes occur in soybeans. The variation in the values is the result of the different assumed potentials
to reduce nitrogen fertilization. The emissions from diesel also are reduced in all cases for both crops. In
corn, the added pass to spread fertilizer increases diesel GHG emissions yet ceasing to conduct the tillage
operations lowers the emissions comparatively more. In soybeans, only the tillage operations are no longer
conducted compared with the baseline scenario. Seeding and termination of the cover crops also increases
the emissions from these categories in the same magnitude for both crops. The average hectare has a
reduction of 20 kg COzeq/ha in emissions from this category.
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“Land use” is the category that offers the largest reduction in emissions. The total reduction from this
category for the average hectare is 1,709 kg COzeq/ha in the standard case, 3,520 kg CO2eq/ha in the best
case, and only 10 kg COzq/ha in the worst case. The emissions from ILUC from the yield penalty
(57 kg CO2eq/ha in the average hectare) already are included in this value. The low sequestration value in
the worst case is partly due to the approach used by IPCC (2019a), which is discussed in chapter 4.5.4. The
category “remaining” includes liming and urea, which are not affected by the combination of the GHG
mitigation strategies.

In the transition stage of the combination of strategies, the average hectare would have a reduction of
1,973 kg CO2eq/ha, 3,876 kg CO2q/ha in the best case, and 182 kg CO2eq/ha in the worst case. These values
are used to determine the mitigation cost per ton of CO..

Table 4.22 Difference in GHG emissions combination of strategies vs. baseline scenario for Typical
Farm in lowa in transition stage (kg CO2¢q/ha)
Standard case Best case Worst case
Corn Soybean Avg. Corn Soybean Avg. Corn Soybean Avg.
Direct -301 56 -123 -403 56 -173 -200 56 -72
Indirect -113 -1 -57 -154 -1 -78 -72 -1 -36
Seeds 9 29 19 9 29 19 9 29 19
Manufac. -167 0 -83 -208 0 -104 -126 0 -63
Diesel -32 -8 -20 -32 -8 -20 -32 -8 -20
Land use -1,665 -1,754 -1,709 -3,476 -3,565 -3,520 34 -54 -10
Remain. 0 0 0 0 0 0 0 0 0
Total -2,269 -1,677 -1,973 -4,263 -3,488 -3,876 -386 22 -182

Source: own estimation.

Mitigation costs in transition stage

Thereby, with the combination of strategies, the mitigation costs in the transition stage would be
38 USD/t COxeqin the standard case, 18 USD/t CO,¢qin the best case and 446 USD/t COzqin the worst case.

Total costs in stable stage from implementing the mitigation strategy

The Typical Farm must continue to use no-till and cover crops after the carbon sequestration potential is
fulfilled, or the carbon bound to the soil will be released as GHG. Hence, the same operations are assumed.
Therefore, the resulting costs of the combination of mitigation strategies are the same as during the
transition stage (see Table 4.21). The sole difference is the disappearance of the yield penalty indicating
that foregone revenue becomes zero.

In consequence, the average hectare of the Typical Farm has a net increase in costs of 42 USD/ha in the
standard case. The increase ranges from 36 to 47 USD/ha in the best and worst case, respectively. The
difference in the values depends only on the assumed fertilizer reduction potential.

Emissions per hectare in stable stage from implementing the mitigation strategy

During the stable stage in the combination of strategies, the soil no longer can bind additional carbon.
Moreover, given that the yield penalty no longer applies, no more emissions from ILUC are assumed.
Therefore, the emissions entailed in land use become zero. This is the only difference in GHG emissions
compared with the transition stage (see Table 4.22).
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As a result, the emissions on the average hectare are lowered by 257 kg CO2eq /ha in the standard case, by
349 kg COzeq/hain the best case, and by 165 kg CO,eq/ha in the worst case. This implies that after the carbon
sequestration potential is fulfilled, the Typical Farm would continue to have lower emissions compared with
the baseline scenario. As with the difference in costs, the variation in these results observed across the
cases depends on the reduction of nitrogen fertilizer assumed.

Mitigation costs in stable stage and considerations on the adoption of the strategy

During the stable stage in the combination of strategies, the mitigation cost for the Typical Farm is
162 USD/t COz¢q in the standard case. The range of the cost is 104 USD/t CO2eq to 284 USD/t CO2q in the
best and worst cases.

None of the farm operations entailed in the individual mitigation strategies compete for the same
machinery or time schedule during the season when applied in combination. The only investment in
machinery is corn stalk stompers, the price of which can be considered low. Hence, it can be argued that
growers could implement the combination of strategies within a short timeframe on a wide scale.

The combination of strategies does not alter the considerations presented regarding the monitoring and
enforcement of the individual mitigation strategies. Therefore, the implementation of the single elements
included in the combination would still need to be monitored independently. Likewise, the same
approaches to promote the adoption of the individual strategies are valid in the combination. Moreover, to
facilitate adoption, the strategies, either individually or in combination, could be implemented in a stepwise
process, as discussed in chapter 4.5.2. Consequently, these aspects are not presented here as they already
have been addressed in the corresponding chapters.

Nonetheless, the adoption of certain strategies could be promoted with the same approach, such as a
nitrogen tax improving the economics of nitrification inhibitors and the optimization of nitrogen
fertilization. Similarly, certain strategies could share the monitoring mechanism; e.g., no-till and cover crops
could be policed via remote sensing. Arguably, a considerable share of these transaction costs is fixed for
the controlling entity. Therefore, promoting and monitoring the combination of strategies theoretically
would cost less than the sum of the transaction costs attached to the individual strategies. This could
increase the likelihood of policymakers deciding toward implementing the combination over individual
strategies, as they could perceive increased GHG reduction with a lower transaction cost per ton of CO;
abated.

4.7 Policy advice: ranking of GHG mitigation strategies

The summary of the costs to mitigate one ton of CO; for all the strategies assessed in the Typical Farm in
lowa are displayed in Table 4.23. Gradually implementing two or more strategies at the same time, as
indicated in this ranking, may generate interactions that are not accounted for. These may positively or
negatively affect the cost efficiency of the strategies. Moreover, the combination is included in this ranking,
which by definition entails all the strategies assessed in the Typical Farm. Thus, combining this strategy with
individual strategies is not possible. Nevertheless, including this strategy in the ranking indicates at what
point it is more economically efficient to adopt all the strategies instead of individual ones, as the individual
strategies would be more expensive and offer a lower GHG mitigation potential.

The results are presented for an average hectare in the standard, best and worst cases. For the strategies
that influence one corn production, such as nitrification inhibitors (US-4), the changes in emissions and
costs for soybeans are assumed to be zero. A simple average is then calculated. Expressing the values for
an average hectare enables the interpretation of the results at the farm level, as opposed to only one crop.
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The strategies are divided into short-term and long-term perspectives, as presented in chapter 3.8. The
mitigation strategies are ranked based on their mitigation cost-efficiency to provide policy advice regarding
which strategies should be studied further to determine likely transaction costs. As presented in chapter
2.6, it is recommended that policymakers utilize the ranking of strategies in the short-term perspective
because of the urgency to achieve the goals in the Paris Agreement until 2050.

Table 4.23 Comparison of mitigation costs in the standard, best and worst cases for the average
hectare in Typical Farm in lowa (USD/t CO2¢q)

Strategy Code Standard case Best case Worst case
Optimization of nitrogen rate us-1 -16 -29 74
Reduction of tillage intensity Us-2

Transition stage (short-term) 8 4 89

Stable stage -739 -739 -739

100-year average (long-term) -177 -105 -564
Cover crops us-3

Transition stage (short-term) 52 25 2,025

Stable stage 1,039 683 2,025

100-year average (long-term) 216 110 2,025
Enhanced efficiency fertilizer (inhibitors) us-4 100 98 101
Combination us-Cc

Transition stage (short-term) 38 18 446

Stable stage 162 104 284

100-year average (long-term) 81 41 319

Source: own estimation.

Considering a short-time cost-efficiency (transition stage), the optimization of the nitrogen rate becomes
the most economic mitigation alternative (-16 USD/t CO2q) and is the only strategy with a negative cost.
Reduction to no-till has a positive cost, although it can be regarded as low (8 USD/t COzeq) compared with
the other strategies. The combination of strategies has the next highest cost, followed by cover crops, with
38 USD/t CO2eq and 52 USD/t COxeq, respectively. The enhanced efficiency fertilizer (nitrification inhibitors)
is the least efficient strategy in economic terms (100 USD/t CO¢q) in the short term.

Using the annualized 100-year average of the standard case for the long-term perspective, reducing tillage
to no-till offers the lowest mitigation cost (-177 USD/t COx¢q). The optimization of the nitrogen rate results
in the second-lowest mitigation cost (-16 USD/t COeq). These strategies are the only win-win scenarios. The
combination of strategies is the third-best alternative (81 USD/t COs¢q) followed by nitrification inhibitors
(100 USD/t CO2¢q). Finally, the use of cover crops has the highest mitigation cost on average, which is
significantly larger than any other strategy (216 USD/t COz¢q).

The ranking of strategies based on mitigation cost does not differ when comparing the standard and best
cases in the long- and short-term perspectives. The ranking in the worst case in the short-term perspective
is comparable, but nitrification inhibitors are the third most efficient strategy, followed by the combination
and lastly, cover crops. In the long term, assuming the worst case, the ranking of cost-efficiency is reduction
of tillage intensity, optimization of the nitrogen rate, nitrification inhibitors, the combination and, finally,
cover crops.
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4.8 Summary and main findings of the case study

Four GHG mitigation strategies with a focus in corn production, as well as their combination, were assessed
for the Typical Farm in lowa:

(1)

(2)

3)

(4)

(5)

The reduction of the nitrogen rate is achieved by splitting the application. The savings in fertilizer are
larger than the expenditure of the additional pass. Thus, the strategy generates comparatively low
negative costs, except when the nitrogen reduction potential assumed is the lowest (worst case).

Tillage can be reduced to no-till, promoting carbon sequestration and lowering the costs. However,
this results in a transitory yield penalty, which triggers ILUC and foregone revenue. No-till amounts to
negative costs after the yield penalty is over.

Cover crops promote an increase in the soil organic content and fixate nitrogen, enabling a reduction
in the fertilizer rate. Total costs are significantly increased. This strategy allows the highest reduction
in GHG emissions of the individual mitigation strategies.

The use of nitrification inhibitors lowers nitrogen losses, which implies that less nitrogen fertilizer is
required. The inhibitors are pricier than the savings in fertilizer they generate, increasing costs. The
emissions reduction is comparatively low.

All the strategies can be combined without adjustments beyond the changes required in the individual
strategies. This implies a significant decrease in emissions but an increase in the costs of both crops,
although these are lower than only using cover crops.

Sizable differences in the mitigation potential of these individual strategies were identified. Strategies
promoting carbon sequestration offered substantially larger reduction potentials than strategies focused
on nitrogen usage, although the effect of carbon sequestration is limited. Depending on the time horizon
used, two strategies appear most suitable for the Typical Farm. In the short-term, optimizing the nitrogen
rate has the lowest mitigation cost. In the long-run, transitioning to no-till offers the lowest average cost.
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5 Case study 2: Brazil - corn in Parana

Following the analysis from chapter 3.1, Brazil has been selected as one of the case studies due to its
relevance in the international agricultural markets as well as the ability to obtain support from local
agricultural experts and growers. The support of researchers, especially in the context of the agri
benchmark network, also was taken into account.

The exchange rate for the national currency, the Brazilian Real, is assumed as 3.44 Reals per USD. This value
represents the average annual rate of 2016-2018, published by World Bank (2021). All the calculations are
conducted in the local currency and are converted into USD as the last step to avoid the effect of the annual
variation in the international exchange rates.

The structure of this chapter and consideration described in this case study follows the same approach as
those in chapter 4 for the Typical Farm in lowa. Therefore, in the cases where repetitions occur or no
changes are necessary, the ideas are not explained in detail. Consequently, to fully understand the
assessment on this Typical Farm, it is recommended to first read the assessment conducted for the Typical
Farm in lowa.

5.1 Selection of the region

The country is divided into states; thus, most statistical information is provided at least at this level of
disaggregation. Consequently, the assessment to determine the location of the Typical Farm of this case
study begins at the state level. The same criteria used to choose the country is used to define the region on
which the case study focuses.

The climatic conditions in Brazil enable the production of two crops in one growing season. In this system,
known as double-cropping, the season can be divided into two. In the case of Brazil, the first one
encompasses the period from September until the end of the year; the second one starts in January and
finishes in March, although these dates can vary regionally. Compared with the second half, the first half is
characterized by better growing conditions, especially higher precipitation, and a lower risk of frost (Braccini
et al., 2010).

The most common double-cropping rotation in Brazil is soybean—corn, in which the harvest of soybeans
finishes in January and is followed by the seeding of corn directly after (Garcia et al., 2018b). Corn grown in
this system is usually referred to as second-season or safrinha. When corn is grown as the main or only crop
in the season, it is referred to as summer corn or safra. The yield potential of corn grown as second-season
is lower than summer corn due to a shorter growing season. Moreover, rainfall patterns in the second half
of the season historically have been less consistent (Spangler et al., 2017), raising the risk associated with
growing corn as a second crop and making it more difficult for the grower to estimate the yield. Thus, the
grower’s inclination to use inputs such as fertilizers is lower as he may perceive a higher risk of not receiving
an economic return for his investment. Furthermore, the likeliness of investing in nitrogen fertilization is
lower because growers assume that soybeans provide a higher nitrogen credit to corn in double-cropping
(Alves et al., 2003).

Additionally, second-season corn’s response to nitrogen fertilizer is comparatively small, further promoting
the production of the crop without applying nitrogen, a common practice in Brazil (Fuentes et al., 2018).
Consequently, it can be inferred that the nitrogen rate is proportionately larger in summer corn than in
second-season corn.

The Brazilian National Supply Company (CONAB) is the state company in charge of publishing agricultural
statistics. Their database includes the average expenditure to produce selected crops. However, the
information is provided aggregated for all fertilizers and only for certain cases - i.e., selected crops in specific
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regions of the state. Accordingly, not all regions report on summer and second-season corn; some report
only one or neither of them. Nonetheless, since this project focuses on areas producing the bulk of the
agricultural output, eliminating regions where the crop is not significant is deemed unproblematic.

Still, averaging the available data can be used to indicate an approximation of the expenditure in each
production system. Considering the 2016-2018 period for all the regions with information, the average
expenditure in fertilizer in second-season corn is 156 USD/ha; in summer corn, 298 USD/ha, or 91% higher
(CONAB, 2021b). This difference indicates that the intensity of the production of summer corn is
significantly higher, which is in line with what has been previously described. The average yields reported
in these regions are 5.5 t/ha and 8 t/ha (or 46% more), correspondingly. Thus, there is an over-proportional
expenditure on synthetic fertilizer, revealing that fertilizer use is less efficient in summer corn.

No further considerable differences regarding the production system could be identified in the literature.
Therefore, based on the observation that second-season corn receives proportionally lower nitrogen rates
and that nitrogen fertilization is a key driver of GHG emissions, it is inferred that the mitigation potential
achievable in this system is comparatively low. Thus, the case study is conducted for summer corn, as it is
assumed that a larger GHG mitigation potential is achievable in this crop.

For the selection of the region for the case study, the share of the total output of summer corn and yields
of various states are used as a first indication. The states with the largest shares of the total output are Rio
Grande do Sul (20%), Minas Gerais (19%) and Parana (13%) (CONAB, 2021a). However, average yields in
Parana (8.6 t/ha) are considerably higher than in Rio Grande do Sul (7.1 t/ha) and Minas Gerais (6.3 t/ha).
This suggests that Parana is the state with the highest intensity of summer corn production. In turn, the
intensity of production could be understood as an indicator of the potential to mitigate GHG emissions by
adjusting nitrogen fertilization.

The dataset from CONAB (2021b) on regional data is deemed not applicable to make inferences at the state
level, as not enough regions are described. The agri benchmark Cash Crop network does not have any
Typical Farms with summer corn in Brazil either. Thus, it is not feasible to conduct further assessments in
this regard. Consequently, based on the data previously presented, the state of Parana is selected for the
case state because it has as a relevant share of the total national production of summer corn and has an
intensive production of the crop.

Through members of the network, it was possible to obtain the support of growers and agricultural experts
in south-central Parana. The involvement of these stakeholders is considered essential to derive
comprehensive results, so it was decided to conduct the case study there. A new Typical Farm is described
following the approach presented in chapter 3.4. For the remainder of this case assessment, the term corn
will refer exclusively to summer corn, unless otherwise stated.

5.2 Climate

Table 5.1 presents a summary of temperatures and precipitation. Winter, especially August, is characterized
by comparatively less precipitation, although the distribution of the precipitation can be considered
homogenous across the entire year. The annual rainfall is 1,866 mm. Beginning in May and until early
August, frost is possible, limiting length the production season, although this occurs mostly intermittently
(Grodzki et al., 1996).
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Table 5.1 Climatic data in Parana (1976-2005)
Month Temperature Min. Temp. (°C) Max. Temp.(°C) Monthly
(°C) Rainfall (mm)
Jan 21.7 16.5 26.9 199
Feb 22.6 16.4 26.7 171
Mar 19.8 15.6 26.0 147
Apr 19.7 13.4 23.9 146
May 14.4 10.0 20.7 163
Jun 15.2 8.8 19.6 138
Jul 14.0 8.5 19.5 127
Aug 14.4 9.4 21.4 93
Sep 154 10.8 22.0 157
Oct 17.5 13.0 24.0 187
Nov 20.9 14.2 25.5 150
Dec 20.9 15.5 26.3 188

Source:EMBRAPA (2012)

5.3 Background and key features of arable farming in Parana

According to CONAB (2021a), the total arable land in Paranad (average 2017-2019) is approximately
7.3 million ha, which represents approximately 40% of the state’s surface. Soybeans are the most-produced
crop, with 74% of the acreage, followed by wheat (14%) and then by summer corn (5%). An additional
2.5 million ha are used for double-cropping, with corn being the most produced second-season crop
(2.3 million ha). Thus, the total area harvested per year in the state is 10.3 million ha.

Figure 5.1 Acreage of selected crops in Parana from 2000 to 2019
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Source: own elaboration based on CONAB (2021a)

The evolution in the acreages of these crops is presented in Figure 5.1. Since the year 2000, the acreage of
soybeans has increased by 90%. This expansion has occurred mainly through the transformation of pastures
into cropping land as well as the clearing of new land. Moreover, a share of the summer corn acreage has
switched to soybean-corn double-cropping. The transition has been promoted by considerable



96 Chapter 5 Case study 2: Brazil — corn in Parana

improvements in the genetics of second-season corn, which have shortened its growing time, considerably
increasing yields (Canalli et al., 2020; Xu et al., 2021). Moreover, soybeans’ potential to fixate nitrogen in
the soil, thereby reducing the need to use synthetic fertilizers, and its yield potential in colder climates also
increased considerably (Alves et al., 2003). Both aspects have contributed toward making double-cropping
more profitable than summer corn in various regions of Parana. However, in other regions of South America
with similar agroclimatic conditions, the acreage of summer corn has increased significantly. In
northeastern Argentina, which is among the most relevant regions for crop production, the acreage has
increased considerably since 2000 (MAGYP, 2021). Thus, while in Parana the crop may have a downward
trend, the crop and mitigation strategies analyzed retain their relevance in the macro-region.

There are predominantly two climatic zones in Parand, which define the crop rotations. In the subtropical
parts of the state (south and southeast), the rotation is based on soybeans, corn, and wheat as annual crops.
In the northern, central and western parts of the state, the rotation is based on soybean-corn
double-cropping (EMBRAPA, 2011). Additional crops that may be used in the rotation are barley, oats and
small legumes.

The most common tillage system in the southern states of Brazil, which include Parana, is no-till. Ploughing
and intensively tilling the soil were recognized as the main promoters of erosion, which led to a significant
loss of the topsoil. In the 1970s, growers began adopting no-till as an approach to diminish erosion. No-till
is estimated to be used on 92% of the arable acreage in Parana (EMATER, 2014). Additionally, it is estimated
that over 95% of the state’s acreage has crops in the winter, with cover crops making up half this acreage
(EMBRAPA, 2011).

5.4 Typical Farm and focus group

Since no Typical Farm is available in the region, it was necessary to describe a new one to understand the
context in which the mitigation strategies are evaluated. The focus group and the approach used in the
discussion are presented in chapter 5.4.2.

5.4.1 Typical Farm and its representativity

Based on the focus group discussion, the Typical Farm is assumed to have 400 ha. Following the latest
agricultural census definitions (IBGE, 2018), it belongs in the category of farms with 200 to 500 ha. The
farms in this range manage the largest share of land of all the size classes, operating on approximately 20%
of Parand’s arable land. Combining the remaining size classes shows that 41% of the state’s acreage is
managed by smaller farms and 39% by larger size classes. No data is provided in the census regarding yields
for the size classes; thus, no inference can be made. Yet, assuming yields are similar between the categories,
the Typical Farm could be assumed to belong to the size class producing the majority of agricultural output.

The Typical Farm follows the no-till system, which, as previously presented, is the dominant tillage system
in the state. Thus, in this aspect, it is in line with most of the other farms. The three-year crop rotation
assumed is: soybean with barley in double-cropping in the first year; soybean in the second year; and lastly,
summer corn. Black oats are seeded as a cover crop when double-cropping is not used; that is, after soybean
and after corn.

CONAB (2021b) publishes data on the production costs of summer corn in Parana. As previously mentioned,
these are aggregated per input category, such as fertilizer, pesticides, etc. However, these data are based
on trials located in a region with a different climatic zone, resulting in noticeable, distinct yields. For the
Typical Farm, corn yield is 13 t/ha while in the trials it is only 8.5 t/ha, indicating a difference of more than
50%. Moreover, since climatic conditions partly determine weed and fungi pressure, the application of crop
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care products may not be directly comparable since the treatments are designed for different contexts.
Consequently, the data published is deemed as not comparable to the Typical Farm.

No further information could be identified to evaluate the Typical Farm in the local or regional context.

5.4.2 The Parana focus group

Scientific literature was used for an initial assessment of the mitigation strategies in the local context
preceding the focus group, which took place in April of 2019. Seven growers, an agricultural consultant and
the researcher conducting this project participated.

Given that no Typical Farm was available in the region, a draft based on statistical data and selected
interviews was created in preparation for the discussion. This preliminary depiction was defined using the
period 2016-2018 to describe an average year. After the project and objective had been introduced to the
members of the focus group, the draft of the Typical Farm was discussed to realize the necessary
adjustments and describe its baseline scenario.

The feasibility of implementing the mitigation strategies and the possible changes in yields, inputs and farm
operations were assessed in detail in the focus group. Even though the mitigation strategies focus on corn,
the effect on the entire crop rotation was considered in the discussion. Each strategy was discussed until a
consensus on the impact was reached. Selected interviews with agricultural experts and visits to local farms
were carried out to further evaluate aspects that help understand the context and implications of the
strategies. The results derived were compared with scientific literature to validate the data and underlying
assumptions.

5.5 Mitigation strategies analyzed

The analysis of the mitigation strategies follows the same approach explained in chapter 4.5 for the Typical
Farm in lowa. Certain aspects assessed of the individual mitigation strategies in the case study of lowa also
are valid for the Parana Typical Farm. Consequently, in the instances in this case study where the aspects
have already been addressed for the lowa case study, only the key elements pertinent to this farm are
examined.

The evaluation of the combination of mitigation strategies for the Parana Typical Farm is presented in
chapter 5.6 and the comparison of the strategies in chapter 5.7. Appendix A contains the tables presenting
the assumptions used for the calculation of the mitigation costs in this case study?.

5.5.1 Status quo — baseline scenario (BR-0)

The baseline scenario of the Typical Farm in Parana derived from the focus group discussion is presented in
this chapter. The mitigation strategies are compared against this baseline scenario to determine the
difference in GHG emissions and costs. The costs of corn production for the Typical Farm in Parand equal
880 USD/ha and are shown in Table 5.4 in chapter 5.5.2. The costs of using black oats as a cover crop are
not included but are explained in chapter 5.5.3.

Three tons of dolomitic lime are applied before corn is seeded. However, the effect of this treatment is
usually assumed to last for the entire crop rotation on the Typical Farm, as mentioned by the focus group.
Thus, although the application occurs in this crop, all the other crops benefit as well. Therefore, for purposes

26 |nput costs are presented in Table A.1, coefficients for the GHG calculation in Table A.2, inputs used in corn in Table A.9,
and farm operations in Table A.13.
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of the costs and GHG estimations, it is assumed corn received only 1 ton of lime, which is already included
in the cost previously indicated.

The agri benchmark network does not have a Typical Farm with corn in the region, thus the costs of
machinery are depicted as zero, although logically, this is not the real case. This does not affect the
estimation of the mitigation costs, as only the difference between the strategies and the baseline scenario
are required to determine the costs of the mitigation strategy. No contractor services are used in the Typical
Farm; thus, the value is zero.

Emissions per hectare in the baseline scenario

The GHG emissions from the baseline scenario consider only the production of corn and do not include the
emissions from black oats as cover crops. For the estimation of the indirect losses, the adjustment factor
must be calculated. This calculation considers all the nitrogen applications in corn. The previous crop is
soybeans. Alves et al. (2006) mention that in the region of the Typical Farm, soybeans’ fixation generates a
nitrogen surplus that can be taken by the following crop. Still, the research by Siqueira Neto et al. (2010)
indicates that a significant share of the nitrogen fixated can be lost between the harvest of soybeans and
the seeding of a summer crop. Thus, while second-season corn can benefit from this nitrogen credit as it is
grown directly after soybeans, summer corn may not benefit due to the losses in the time between harvest
and seeding. In this context, no scientific data on nitrogen availability could be identified for the region.
Nonetheless, members of the focus group mentioned that previous soil samples taken before summer corn
is seeded have indicated low or negligible amounts of nitrogen from the soybeans’ fixation. Consequently,
they do not consider any nitrogen credit toward summer corn. The same assumption is used in this analysis.
As a result, the input of nitrogen in corn is assumed to be provided only by synthetic nitrogen fertilizers,
which are urea (189 kg N/ha) and monoammonium phosphate (MAP) (32 kg N/ha).

To calculate the nitrogen removal via harvest of corn, the moisture content of the grain is assumed to be
14% based on the focus group and the nitrogen content of the grain as 1.67% of the dry matter” (Garcia et
al., 2018a). Therefore, 176 kg N/ha are removed via harvest. The same moisture and nitrogen content of
the grain are assumed for all the mitigation strategies in this Typical Farm.

Based on the maps provided by Sayre et al. (2020), it is assumed that the region has a Warm Temperate
Moist Climate, which is used for the estimation of emissions based on IPCC (2019a). Table 5.2 presents the
emissions of the Typical Farm in the baseline scenario. A summary of the emissions entailed in each category
is provided in chapter 3.5.7.

27 Garcia et al. (2018a) provide the nitrogen content of the corn grain based on various fertilizer treatments based on urea.
The value used is the average of all the treatments presented on the first site, which is deemed a better representation
of the soil present on the Typical Farm in Parana.



Chapter 5 Case study 2: Brazil — corn in Parana 929

Table 5.2 GHG emissions from corn for Typical Farm in Parana - BR-0
Hectare Product
(kg CO2eq/ha) (kg COzeq/t crop)
Direct 1,957 151
Indirect 226 17
Liming 551 42
Urea 301 23
Manufacture 602 46
Diesel 63 5
Land use 0 0
Total 3,700 285

Source: own estimation.

The total GHG emissions of corn in the baseline scenario are 3,700 kg COzeq/ha. The Typical Farm has been
operated with the same tillage regime and input of biomass for longer than 20 years. Consequently, no net
change in the carbon content of the soil is assumed (see chapter 3.5.6).

5.5.2 Optimization of nitrogen rate (BR-1)

The GHG emissions from corn production could be reduced by optimizing nitrogen fertilization by increasing
the number of passes to spread fertilizer and utilizing a lower total rate, although the feasibility must be
assessed. The potential to lower the nitrogen rate can be obtained by comparing the current NUE with
optimal values from the literature. The difference between them reveals the extent to which the rate can
be reduced without theoretically affecting yields. In the baseline scenario, the removal is estimated to be
176 kg N/ha and the nitrogen input as 221 kg N/ha. This results in a NUE of 79%. The optimal values for NUE
from Brentrup and Palliere (2010) are used in this Typical Farm to calculate the reduction potential as no
region-specific coefficients could be identified (see chapter 3.6.2.1). The resulting nitrogen fertilization rate
in the standard, best and worst cases is presented in Table 5.3.

Table 5.3 Reduction of nitrogen rates based on optimal NUE for Typical Farm in Parana
Case N removed via Fertilization rate NUE N reduct_ion
harvest potential
(kg N/ha) (kg N/ha) (%) (kg N/ha)
Baseline 176 221 79 -
Standard 176 207 85 16
Best 176 195 90 27
Worst 176 219 80 3

Source: own estimation based on Brentrup and Palliere (2010).

The NUE approach used in calculating the potential to reduce the nitrogen rate is not specific to the region
of this case study. Thus, it is necessary to evaluate the possible effect nitrogen reduction may have on yields
utilizing data from the region selected or one that presents comparable conditions. Thus, to verify the
potential effect of the reductions on yields, the nitrogen response curve from Fontoura and Bayer (2009) is
used (see Figure 5.2). The curve is based on data from several average-yielding fields with climatic
conditions similar to those of the Typical Farm. The regression indicates a maximum yield of 12.8 t/ha,
which is slightly lower than the Typical Farm’s yield. However, this difference can be attributed to yield
improvements from plant breeding, as the author’s estimations are based on results from the period 2005-
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2007. Consequently, while the curve may not exactly represent the current situation, it is deemed a valid
approximation.

To calculate the change in the yield derived from nitrogen reduction, the nitrogen rate in the baseline
scenario and the reduced rates are applied in the formula to calculate the possible change in the yields.
Thus, according to Fontoura and Bayer’s (2009) regression, the yield reductions from the mitigation strategy
compared with the baseline scenario are: 0.03% in the worst case; 0.3% in the standard case, and 0.9% in
the best case. These reductions are deemed insignificant; thus, lowering the nitrogen rate is assumed to
not affect the yields in the Typical Farm.

Figure 5.2 Estimated corn yield under different nitrogen fertilization rates in Parana
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Source: own estimation based on Fontoura and Bayer (2009).

In the baseline scenario, the application of nitrogen occurs at seeding in mid-September using MAP
(32 kg N/ha) and three weeks later as urea (189 kg N/ha). The reduction calculated must be discounted to
urea. Lowering the MAP rate implies reducing the input of phosphate, which is also contained in the
fertilizer. The lacking amount of phosphate would need to be supplied as a different fertilizer, which would
need to be manufactured, releasing emissions, or could pose further agronomic challenges. Moreover, the
emissions entailed in the manufacture of one kg of nitrogen as urea are higher than as MAP (Brentrup et
al., 2018). Therefore, lowering the urea rate would achieve greater mitigation. Thus, the rate of urea is
reduced as presented in Table 5.3. To apply this reduced urea rate, an additional pass is assumed, splitting
the original urea application into two. Each pass contains the same amount of urea. The additional pass was
deemed necessary by the participants of the focus group as a strategy to reduce losses (see chapter 3.6.2.1).

The focus group stated that soybean seeding begins directly after the application of urea is complete (mid-
October) and lasts until the end of November. Hence, a theoretical additional application of urea in this
period would delay seeding. Applying after the seeding is done was deemed problematic by the participants
of the focus group as December marks the beginning of the rainy season, limiting the possibility to operate
machinery without risk of compacting the soil. Moreover, the crop’s size at that stage also may pose a
problem, as not all tractors and equipment are high enough to operate without damaging the plant. Thus,
based on the focus group consensus, the use of agricultural contractors was deemed as the preferred option
for the additional pass. The cost of the application by the contractor is assumed to be 10 USD/ha, and
requires 1.5 I/ha of diesel, which is accounted for in the estimation of emissions.

The additional operation to spread urea is assumed to be conducted in mid-November, approximately two
months after corn has been seeded. Panison et al. (2019) demonstrate that splitting nitrogen applications
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in corn, applying until approximately 75 days after seeding, does not influence yields compared with single
applications of the fertilizer. Hence, no change in yields is assumed from splitting the fertilizer rate.

Total costs from implementing the mitigation strategy

The changes in costs from optimizing nitrogen fertilization are presented in Table 5.4. Lowering the rate
reduces the expenditure on fertilizer depending on the reduction achievable. The reduction in the standard
case is -13 USD/ha. In the best case, the change amounts to -22 USD/ha and in the worst case,
only -2 USD/ha. The costs of a contractor are increased by 10 USD/ha in all cases, as this fee is not altered
by the changes in the fertilizer rate. None of the other cost categories change compared with the baseline
scenario.

In the standard and best cases, the mitigation strategies generate a win-win scenario. The total changes
result in a reduction of 3 and 12 USD/ha, respectively. The strategy entails an increase of 8 USD/ha when
the nitrogen reduction potential is assumed to be the lowest - that is, the worst case.

Table 5.4 Corn costs with optimized nitrogen fertilization rate for Typical Farm in Parana (USD/ha)
Baseline Standard case Best case Worst case
scenario Strategy Change Strategy Change Strategy Change

Seed 261 261 0 261 0 261 0
Fertilizer 393 380 -13 371 -22 391 -2
Pesticides 163 163 0 163 0 163 0
Liming 34 34 0 34 0 34 0
Diesel 19 19 0 19 0 19 0
Labor 10 10 0 10 0 10 0
Machinery 0 0 0 0 0 0 0
Contractor 0 10 10 10 10 10 10
Total 880 877 -3 868 -12 888 8

Source: own estimation.

Emissions per hectare from implementing the mitigation strategy

Table 5.5 shows the change in GHG emissions from optimizing the nitrogen rate. The N,O emissions from
direct and indirect are lowered depending on the nitrogen reduction. In the standard case the reduction is
estimated to be 201 kg COzeq/ha. In the best case it is calculated as 350 kg CO2eq/ha and in the worst case
only 34 kg COzeq/ha. Comparably, the emission from urea and manufacture of fertilizer are lowered by
varying magnitudes, as these also depend on the input of fertilizers. The emissions from the sum of these
two categories range from -101 to 10 kg COeq/ha, in the best and worst cases, with a value of
59 kg CO2eq/ha in the standard case.

The diesel emissions resulting from the additional pass are 5 kg CO2eq/ha in the three cases. Yet, compared
with the reductions achieved from the lowered fertilizer rate, this increase is comparatively low. Liming and
land use are grouped in the category “remaining,” as they are not affected by the implementation of the
GHG mitigation strategy.

The total change in the standard case is a reduction of 255 kg CO2eq/ha; 446 kg COzeq/ha in the best case;
and 39 kg COzeq/ha in the worst case.
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Table 5.5 GHG emissions from corn with optimized nitrogen fertilization rate for Typical Farm in
Parana (kg COzeq/ha)

Baseline Standard case Best case Worst case

scenario Strategy Change Strategy Change Strategy Change
Direct 1,957 1,841 -116 1,755 -202 1,938 -19
Indirect 226 141 -85 79 -148 212 -14
Urea 301 276 -25 258 -43 297 -4
Manufacture 602 568 -34 544 -59 597 -6
Diesel 63 67 5 67 5 67 5
Remaining 551 551 0 551 0 551 0
Total 3,700 3,445 -255 3,254 -446 3,661 -39

Source: own estimation.

Mitigation costs and considerations on the adoption, monitoring and enforcement of the strategy

The resulting mitigation costs are: -10 USD/t COq in the standard case; -26 USD/t COy¢q in the best case;
and 206 USD/t CO.eq in the worst case. Thus, the mitigation strategy represents a win-win in two of the
three scenarios, as the grower would decrease its costs as well as the emission (see chapter 8).

The considerations on the adoption, monitoring and enforcement of this mitigation strategy already have
been presented for the case study of lowa in chapter 4.5.2 and are comparable in this case study.

5.5.3 Legumes as cover crops (BR-2)

Theoretically, using cover crops in the rotation enables the sequestration of carbon because they increase
the crop residues that can be incorporated into the soil (see chapter 4.5.4). However, the Typical Farm in
Parand already uses black oats as a cover crop in the baseline scenario. Thus, to bind additional carbon in
the soil, the amount of biomass generated that is incorporated must be increased. Tiecher et al. (2020)
tested seven common cover crops in Parana over 26 years in a corn and soybean rotation with management
and climatic conditions comparable to the Typical Farm. They concluded that black oats yield the most
biomass given the local context, producing approximately 4.9 t/ha of above-ground dry mass. Hence, using
a different cover crop likely would reduce the input of residues because of the reduced biomass generated,
releasing the carbon previously sequestered. Therefore, replacing black oats is deemed not viable to
increase soil organic carbon.

Hypothetically, fertilizing the cover crops would increase the biomass they produce, promoting carbon
sequestration, but the manufacture and usage of fertilizer imply additional emissions. Amado et al. (2003)
indicate black oats as cover crops produce approximately 1.1 t/ha more dry biomass when fertilized with
40 kg N/ha. The biomass can be assumed to be 42% carbon (Mani et al., 2011) and approximately 10% of
this carbon remains sequestered in the soil after 20 years (Sgrensen, 1987). Assuming a conversion factor
from carbon to CO, of 3.7 (IPCC, 2019a), it can be calculated that each kg of nitrogen used binds
4 kg COz¢q/ha in the soil. However, the GHG emissions triggered by the manufacture and application of
nitrogen are approximately 10 kg COeq/ha. Thus, it can be argued that the short-term balance of fertilizing
black oats is a net increase in emissions. Therefore, it is not considered a viable approach to sequester
carbon.

The focus group mentioned the possibility of using a mixture of seeds to include a legume to fixate nitrogen
and lower the rate of synthetic nitrogen for the following crop. They added that the most common legume
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used as cover crop in Parana is common vetch. Tiecher et al. (2020), whose work already was discussed,
show that vetch has the highest biomass yield from the legumes tested. Participants of the focus group
stated that they have obtained similar amounts of biomass using a two-to-one vetch-oat mixture compared
with oats alone, both with the same seeding rate of 80 kg/ha. Giacomini et al. (2003) tested various ratios
of the vetch-oat mixture utilizing the same seed rate. The authors concluded that using a mix of 67% vetch
and 33% oats yields the same biomass as using only oats, confirming the statement from the participants.
Thus, a mixture of 67% vetch and 33% oats is assumed for the Typical Farm, maintaining the same total
seeding rate as in the baseline scenario (80 kg/ha). The cover crop seeds are available in the market as these
crops are commonly used. No applicable data on the input and management of the production of the seeds
for the cover crops could be identified. However, it could be expected that the production of vetch seeds
releases fewer emissions than oats, as legumes usually are not fertilized with nitrogen. Thus, by including
vetch in the mixture, the overall emissions from the seeds for cover crops are arguably lower. Nonetheless,
this benefit cannot be corroborated.

As in the baseline scenario, the oat seeds are assumed to be farm-saved and to cost 0.2 USD/kg, as indicated
by the focus group participants. In the case of common vetch, they mentioned having problems with the
germination of farm-saved seeds. Thus, they indicated they utilize a mixture of 67% certified (0.9 USD/kg)
and 33% farm-saved (0.3 USD/kg), which indicates a cost of 0.7 USD/kg. Assuming seeding rates of 27 kg/ha
for oats and 53 kg/ha for vetch, the total cost of seeds for the mixture is 42 USD/ha.

Moreover, the focus group commented on the need to inoculate the vetch seeds to promote biological
nitrogen fixation. This treatment costs 7 USD/ha, hence the seed-related costs in this mitigation strategy
total 49 USD/ha. The 80 kg/ha of oat seeds applied in the baseline scenario cost 17 USD/ha. The net
difference in costs between the mitigation strategy and the baseline scenario (32 USD/ha) is added to the
seed cost of corn.

The mixture of seeds can be spread with the broadcaster as in the baseline scenario. The focus group
mentioned that the machinery could be used without significant adjustments. Similarly, the termination of
the cover crop with glyphosate in the baseline scenario is assumed for the mixture. Thus, no additional costs
are generated from seeding or terminating the mixture. However, they mentioned that the addition of
vetch requires spraying insecticide on the cover crop. This additional application was considered necessary
because, otherwise, pests could severely damage vetch in the early stages, lowering the biomass production
and fixation potential significantly. No competition for machinery occurs, as no other operations take place
at the same time. The additional pass, assumed to be conducted with the grower’s own equipment,
increases pesticide costs by 12 USD/ha, as well as labor, diesel and maintenance and repairs®. No additional
depreciation occurs, as the machinery is assumed to still operate within the expected annual devaluation.

Black oats also are used as a cover crop after corn that is followed by soybeans in double-cropping. Since
soybeans are legumes, no synthetic nitrogen fertilizer is applied. Hence, using the mixture as opposed to
only black oats would increase the expenditure but would not generate a reduction in emissions, as no
nitrogen is used.

The nitrogen credit from the mixture toward corn was estimated to be between 30 and 40 kg N/ha by the
growers of the focus group. Amado et al. (1998) calculated the nitrogen contribution of an oat—vetch
mixture toward corn as 38 kg N/ha. Nevertheless, the exact ratio of the seeds, nor the rate, are reported.
Giacomini et al. (2004) seeded 80 kg/ha of a mixture composed of vetch—oat in a ratio of 70-30 and
measured a nitrogen credit between 36 and 42 kg N/ha. They add that the residues are completely
disintegrated at the end of the season. Both these estimations were obtained in southern Brazil in

28 The costs of repairs were stated by the participants of the focus group. Thus, it is not derived from the approach explained
in chapter 3.4.3.
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conditions similar to the Typical Farm and are comparable with the approximation provided by the focus
group. Thus, the range indicated by the focus group is assumed as the nitrogen provided by the mixture
toward corn. The values used for the standard, best and worst cases are shown in Table 5.6.

Table 5.6 Nitrogen rate and supply from fixation by cover crop for Typical Farm in Parana
Nitrogen from fixation Synthetic nitrogen Total nitrogen supply
Case (kg N/ha) (kg N/ha) (kg N/ha)
Standard 35 186 221
Best 40 181 221
Worst 30 191 221

Source: own estimation.

The total nitrogen rate for corn remains unchanged and the supply from the cover crops is assumed to
reduce the rate of urea. The above-ground biomass of the mixture is assumed to be 4.9 t/ha (Tiecher et al.,
2020) and is completely decomposed by the end of the season (Bortolini et al., 2000). To determine the
nitrogen content in the crop residues, the biomass is assumed as 60% oats and 40% vetch (Giacomini et al.,
2003). For the estimation of emissions from residues, the difference between the nitrogen content in the
cover crops in the baseline scenario and in the mixture is added to the corn residues®.

Total costs from implementing the mitigation strategy

Table 5.7 presents the costs of using the mixture vetch—oat as cover crop, replacing the original of only oats.
The increase in seed costs is the result of changing the composition of the seed mixture and using the
inoculant, which is included in this category. The increase totals 32 USD/ha and is the same in the three
cases. The expenditure in fertilizer is lowered by 29 USD/ha in the standard case, by 33 USD/ha in the best
case and by 25 USD/ha in the worst case. The difference is explained by the varying amounts of nitrogen
that vetch is assumed to provide toward corn.

The expenditures in pesticides, diesel, labor and machinery increase as a result of the additional application
of insecticides. The category “machinery” has an increase of 0.3 USD/ha from additional repairs and
maintenance yet is not displayed in the table because it is rounded down to zero. The increase in these
categories is same the same in the three cases, resulting in an increase of 13 USD/ha.

Liming and contractor are contained in the category “remaining,” as these are not affected by the mitigation
strategy. The total increase in corn is a net increase of 16 USD/ha in the standard case, 12 USD/ha in the
best case and 21 USD/ha in the worst case.

29 The standard values from IPCC (2019a) are used to determine the nitrogen addition from crop residues and are presented

in Table A.5. The values from Tiecher et al. (2020) are assumed to depict the above-ground dry mass (see chapter 3.5.1.1).
Thus, the residues of oats are calculated to contain a total of 39 kg N/ha and the mixture, 96 kg N/ha. The difference of
57 kg N/ha is added to corn crop residues.
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Table 5.7 Costs in corn with legumes in cover crop mixture for Typical Farm in Parana (USD/ha)
Baseline Standard case Best case Worst case
scenario Strategy Change Strategy Change Strategy Change

Seed 261 293 32 293 32 293 32
Fertilizer 393 364 -29 360 -33 368 -25
Pesticides 163 174 12 174 12 174 12
Diesel 19 20 1 20 1 20 1
Labor 10 11 1 11 1 11 1
Remaining 34 34 0 34 0 34 0
Total 880 896 16 892 12 900 21

Source: own estimation.

Emissions per hectare from implementing the mitigation strategy

The GHG mitigation achieved with the mixture of seeds as cover crops is presented in Table 5.8. The
emissions from direct, which are driven by the nitrogen applied and contained in the crop residues, are
decreased by 102 kg COzeq/ha in the standard case. In the best case, the decrease is 140 kg CO,eq/ha and in
the worst case, 65 kg COz.q/ha. The difference is explained by the fixation potential attainable, which
decreases the rate of synthetic nitrogen. The indirect emissions are similar in magnitude in the three cases,
ranging from -1 to -2 kg COzeq/ha.

The different nitrogen fixation rates from vetch also explain the variation in the reduction in emissions from
urea and manufacture, as they are directly linked to the use of the fertilizer. The sum of both categories
results in a reduction of 133 kg COeq/ha in the standard case, 152 kg COzeq/ha in the best case and
114 kg COzeq/ha in the worst case. Diesel emissions increase by 3 kg COzeq/ha in all cases, as the same
pesticide application is assumed. Compared with the reductions achieved in the other categories, this
increase can be considered insignificant. The emissions from lime application are not affected and are
included in the category “remaining.”

The total emissions with the mitigation strategy are a reduction of 234 kg CO..q/ha in the standard case,
290 kg COzeq/ha in the best case and 178 kg COzeq/ha in the worst case.

Table 5.8 GHG emissions, corn with legumes in cover crop mixture for Typical Farm in Parana
(kg CO2¢q/ha)
Baseline Standard case Best case Worst case
scenario Strategy Change Strategy Change Strategy Change
Direct 1,957 1,855 -102 1,818 -140 1,893 -65
Indirect 226 225 -2 225 -1 224 -2
Urea 301 245 -56 237 -64 253 -48
Manufacture 602 526 -77 515 -88 537 -66
Diesel 63 65 3 65 3 65 3
Remaining 551 551 0 551 0 551 0
Total 3,700 3,466 -234 3,410 -290 3,522 -178

Source: own estimation.
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Mitigation costs and considerations on the adoption, monitoring and enforcement of the strategy

The cost to mitigate emissions with legumes in the mixture of cover crops is 70 USD/t COx¢q in the standard
case, 42 USD/t COyeqin the best case and 115 USD/t COx¢q in the worst case.

Monitoring and enforcing the use of legumes as cover crops could be achieved via remote sensing.
However, given that cover crops already are used in the baseline scenario, this approach would imply
additional challenges compared with a case in which cover crops are not used in the baseline scenario.
Satellite data would need to be analyzed to identify the individual plants growing at the same time. In many
cases, computational models are not yet precise enough to fulfill this task, but these are actively being
developed. Hence, they could potentially distinguish a variety of different plant species within the same
plot (Wang and Gamon, 2019). Thus, assuming the identification of the plants in the mixture becomes
feasible, monitoring the adoption of the mixture could be realized on a wide scale in a cost-effective
method. However, until this approach is feasible, monitoring would be comparatively more expensive, as
on-farm visits would likely be required to determine adoption of the mixture.

Alternatively, establishing a tax on nitrogen would make the cost of this strategy comparatively cheaper, as
the reduction of urea due to the nitrogen fixation would result in higher economic savings. This possibility
was discussed in chapter 4.5.4.

5.5.4 Enhanced-efficiency fertilizer - urease inhibitors (BR-3)

The availability of nitrogen for the crops depends on the fertilizer type, soil and weather, among other
factors. In the Typical Farm in Parana, a significant share of the nitrogen supplied to corn is as urea.
Compared with other forms of nitrogen fertilizer, urea undergoes several chemical changes in the soil
before the nutrient becomes available to the plant. Throughout these transformations, nitrogen leaches
and/or is lost to the environment as gas (see chapter 3.6.2.4). Chemical additives can be used to reduce the
transformation rates and promote a reduction of losses. As a result, the urea rate theoretically could be
reduced without affecting the availability of the crop because the losses to the environment would
decrease.

Various additives were presented and discussed in the focus group. The urease inhibitor NBPT was regarded
as the most feasible alternative for the Typical Farm. This chemical compound reduces the activity of the
enzymes responsible for the initial transformation of urea in the soil, lowering the losses as NH3 (Cantarella
et al., 2018). Reducing these losses also decreases N,O emissions from deposition, entailed in the emissions
category “indirect.” The participants of the focus group added that NBPT is the only alternative
commercially available that they are aware of in the region and have tested in the past. This urease inhibitor
is the most commonly used and studied in Brazil (Modolo et al., 2018; Viero et al., 2017; Cantarella et al.,
2008).

Fontoura and Bayer (2010) measured the volatilization losses from 150 kg N/ha of urea treated with NBPT
applied to corn in the region of the Typical Farm. The average of the four years reported by the authors
reveals that the urease inhibitor decreased NHs losses by 47% compared with untreated urea, with a range
between 42% and 58%. Viero et al. (2014) report a reduction of 53% to 71% for a similar region in analogous
cropping conditions, also applying 150 kg N/ha. The authors of both studies indicate that corn yields were
not affected by the use of the NBPT. In a meta-analysis covering multiple regions and crops, Silva et al.
(2017) found that NBPT lowered NH3 losses by an average of 57% across all studies, with a range of 53% to
61%. Arguably, the values provided by the authors of these three studies are similar in magnitude. Taking
into account that the trials from Fontoura and Bayer (2010) are from the same region and crop as the Typical
Farm, their results are used. Thus, it is assumed that the NH; losses from urea are lowered by 47% in the
standard case, 58% in the best case and 42% in the worst case.
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Theoretically, inhibitors can affect the nitrogen losses from other pathways as well. In this regard, NBPT has
been shown to not cause a statistically significant change in the release of N,O (Akiyama et al., 2010).
Similarly, NOs leaching can be assumed to not be affected by the use of this urease inhibitor (Rech et al.,
2017; Sanz-Cobena et al., 2017; Dougherty et al., 2016; Gioacchini et al., 2002). These studies assessing
leaching and N,O losses depict a variety of crops, nitrogen fertilizers and agroclimatic conditions, as regional
data corresponding to the Typical Farm could not be identified. Nevertheless, these are deemed a valid
indication of the likely effect of NBPT on these losses in Parand. Consequently, no other changes in the
nitrogen losses are assumed.

To calculate the amount of urea that can be reduced, the volatilization losses in the baseline scenario (BR-0)
are taken as a reference value. These assume a volatilization rate of 15%, as indicated by IPCC (2019a).
Nonetheless, this coefficient depicts the sum of the losses as NHz and NOy (see chapter 3.5.1.3). According
to IPCC (2019a), 93% of the volatilization losses occur as NHs. Consequently, the losses of the baseline
scenario are reduced by 7%. Lastly, this value is modified using the adjustment factor for indirect losses of
0.4 (see chapter 3.5.1.2) to calculate the urea losses as NHs. This coefficient is multiplied by the share
reduced based on Fontoura and Bayer (2010), as previously explained. The result is assumed to indicate the
reduction in the urea rate achievable without affecting yields (see Table 5.9).

Table 5.9 Effect of urease inhibitor on volatilization and fertilizer reduction for the Typical Farm in
Parand
Scenario Urea rate Losses as ammonia Share reduced Urea reduction
(kg N/ha) (kg N/ha) (%) (kg N/ha)
Standard 189 10 47 5
Best case 189 10 58 6
Worst case 189 10 42 4

Source: own estimation.

Urea can be purchased already treated with NBPT, as indicated by the focus group, which costs on average
10% more than conventional urea. Based on previous experiences from the growers, the fertilizer
broadcaster does not require additional adjustments compared with common urea, nor are changes to the
application procedure necessary. Consequently, it can be quickly adopted for all the urea applications in
corn without altering the expenditure on diesel, machinery or labor.

Total costs from implementing the mitigation strategy

Utilizing urea treated with NBPT affects only the expenditure on fertilizer. All other costs are as in the
baseline scenario (BR-0), which are presented in Table 5.4. The urease inhibitor reduces the rate needed in
corn; yet it raises the cost per unit of fertilizer. The total increase in costs in fertilizer in the standard and
best cases is approximately 11 USD/ha and in the worst case it is 12 USD/ha. The minimal cost difference is
a consequence of the small variation in the reduction of the urea rate. Since no other cost differs, this
increase in the fertilizer costs represents the total cost of the mitigation strategy per hectare.

Emissions per hectare from implementing the mitigation strategy

Table 5.10 presents the change in GHG emissions from using urease inhibitor to reduce the urea rate. The
reduced fertilizer input lowers the emissions from direct by 39 kg COzq/ha in the standard case,
46 kg CO2eq/ha in the best case and 35 kg COzeq/ha in the worst case. The reduced rate also lowers indirect
emissions by 28 kg CO2eq/ha, 34 kg COzeq/ha and 26 kg COzeq/ha in the standard, best and worst cases,
respectively.
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The emissions from the category “urea,” which depict the CO; released from the chemical structure of the
fertilizer, are lowered as well. The effect varies between a reduction of 7 and 9 kg CO,eq/ha depending on
the case. Similarly, the lowered urea rate affects the carbon footprint entailed in manufacture. The
reduction, in this case, is 10 kg CO2q/ha in the standard case, 13 kg COzeq/ha in the best case and
9 kg COzeq/ha in the worst case.

The category “remaining” contains the categories liming, diesel and land use, which are not affected by the
mitigation strategy.

The net change from using the urease inhibitor in the Typical Farm in Parana is a reduction of 85 kg COzeq/ha
in the standard case, 102 kg CO2cq/ha in the best case and 77 kg COzeq/ha in the worst case. These are the
values used to calculate the mitigation cost per ton of CO.,.

Table 5.10 GHG emissions in corn using urease inhibitor for Typical Farm in Parana (kg CO2¢q/ha)
Baseline Standard case Best case Worst case
scenario Strategy Change Strategy Change Strategy Change

Direct 1,957 1,918 -39 1,911 -46 1,922 -35
Indirect 226 198 -28 192 -34 200 -26
Urea 301 293 -7 292 -9 294 -7
Manufacture 602 592 -10 590 -13 593 -9
Remaining 613 613 0 613 0 613 0
Total 3,700 3,615 -85 3,598 -102 3,623 -77

Source: own estimation.

Mitigation costs and considerations on the adoption, monitoring and enforcement of the strategy

The mitigation cost achieved using urease inhibitors is 134 USD/t COz¢q in the standard case. In the best
case, the cost is 103 USD/t CO2¢q and in the worst case, 155 USD/t COzeq,

The adoption, monitoring and enforcement of this type of mitigation strategy has been assessed previously
in chapter 4.5.5.

5.6 Combination of strategies (BR-C)

The explanation and approach utilized for the combination of strategies in the Typical Farm in Parand follow
the same principles previously explained for the case study in lowa in chapter 4.6. The evaluation of the
possibility to combine the strategies in the Typical Farm in Parana has the baseline scenario (BR-0) as its
reference.

None of the mitigation strategies assessed in this case study require interrupting or replacing any operation.
The optimization of nitrogen fertilization (BR-1) and the use of legumes in the cover crop mixture (BR-2)
each entail an additional operation. The optimization implies an additional pass to spread urea during the
growing season and is carried out by contractors. The mixture of cover crops requires an additional
application of pesticides. This operation is conducted after the growing season and assumes the grower’s
machinery is used, yet it does not compete with any other operation. Therefore, in terms of labor and
machinery, no competition results from the joint implementation of these two strategies. The use of urea
treated with urease inhibitors (BR-3) requires no changes in scheduling or mechanization by the producer.
Hence, it does not impose limitations compared with the baseline either.
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None of the single strategies imply changes in soil or crop management; i.e., the residues from corn and the
cover crops are the same as in the baseline scenario. Therefore, it is presumed that no limitations result
from these elements when combining the three strategies. No additional limiting factors affecting yields or
the production system are identified. Consequently, it is feasible to implement the three strategies in
combination for corn production.

The assessment of the resulting combination is presented in the following chapter. As with the previous
combination assessed, only the elements from the individual strategies that may cause interactions are
evaluated; assumptions covered in the individual strategies that remain unchanged in the combination are
not discussed again.

The baseline scenario is used as the reference to compare the changes in costs and GHG emissions. The
standard, best and worst cases of each strategy are matched with the corresponding case of the other
strategies.

Costs and mitigation potential of optimization of nitrogen rate, use of legumes as cover crops and urease
inhibitors combined

Each of the individual mitigation strategies alters the nitrogen fertilizer rate. Thus, possible interactions and
their effects must be evaluated to calculate the total change in fertilizer rate and farm operations.

Following the NUE approach, the optimization of the nitrogen rate (BR-1) diminishes the nitrogen rate to
the amount required to obtain the corn yield. Thus, nitrogen losses from the soil are minimized. The urease
inhibitor NBPT (BR-3) reduces the rate at which the nitrogen is lost from the system, increasing the share
of the nitrogen applied that is available for the crop, thereby enabling the use of a nitrogen rate lower than
the indicated by the optimal NUE. Furthermore, the nitrogen fixation from common vetch, included in the
cover crop mixture (BR-2), provides another source of nitrogen, replacing a share of the rate applied as
synthetic fertilizer. The combination of these three strategies was already described in detail in chapter 4.6.
The same methodology to calculate the resulting fertilizer rate is applied in this case study.

The supply of nitrogen from the cover crop mixture can be assumed to not be affected by the use of NBPT
(Banerjee et al., 1999). Thus, to determine the rate, first, nitrogen fixated by the legumes (BR-2) is
subtracted from the optimized nitrogen rate (BR-1) to depict the rate of synthetic fertilizer. The emissions
released by this calculated rate are utilized as the reference to determine the reduction in the losses from
the urease inhibitor (BR-3). In turn, the losses reduced by the inhibitor are subtracted from the fertilizer
rate. The values are presented in Table B.5 in the Appendix. The total combined reduction in Table 5.11
decreases the nitrogen applied as urea; MAP application is assumed unchanged.

Table 5.11 Nitrogen rate in combination of strategies for Typical Farm in Parana
Reducti f nit t
Rate in . eduction of nitrogen rate Rate in

Baseline Optimization Urease Combination

Case (BR-0) of nitrogen Cover crop inhibitors (BR-C)
(BR-1) (BR-2) (BR-3)

(kg N/ha) (kg N/ha) (kg N/ha) (kg N/ha) (kg N/ha)
Standard 221 16 35 2 168
Best case 221 27 40 1 152
Worst case 221 3 30 3 184

Source: own estimation.

The limitations on assessing the effect of the combined strategies and the nitrogen rate have already been
discussed in chapter 4.6. No studies evaluating this scenario in the region or a comparable one could be
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identified. Notwithstanding, and as previously explained, the urease inhibitor is assumed to not affect the
nitrogen supplied by the fixation of the legumes. Moreover, Espindula et al. (2014) assessed wheat yields
in Brazil under varying numbers of urea applications and the interaction with the urease inhibitor. Their
results indicate that yields are not significantly affected by the splitting of nitrogen applications in
combination with the urease inhibitor when the total fertilizer rate is maintained. Furthermore, Shigueru
Okumura et al. (2013) reported comparable corn yields in the state of Parana fertilizing with urea treated
with NBPT at rates similar to those assumed in this combination of strategies. Theoretically, this partially
validates the feasibility of maintaining yields in the Typical Farm when the nitrogen rate is reduced to the
rates assumed. Consequently, based on the studies presented, it is assumed that corn yields are not
affected by the combination of the three mitigation strategies.

Total costs from implementing the mitigation strategy

The changes in the cost from optimizing the nitrogen rate, utilizing urea treated with urease inhibitors and
using the cover crop mixture are presented in Table 5.12.

The mixture of cover crops increases the expenditure in the category “seeds” by 32 USD/ha. This cost
represents the net difference between the seed costs in the baseline scenario and adopting the vetch—oat
mixture. The fertilizer rate, which includes the treated urea, is reduced depending on the case assumed.
The costs are reduced in the three cases: 32 USD/ha in the normal case, 46 USD/ha in the best case and
17 USD/ha in the worst case.

The additional insecticide spraying for the cover crops increases the cost of pesticides by 12 USD/ha. Diesel
and labor both increase due to the additional farm operation, totaling an increase of 2 USD/ha. Machinery
costs increase by 0.3 USD/ha from the additional repairs and maintenance from the insecticide application,
however, this value is not presented as it rounded down to zero. Contractor costs are increased by
10 USD/ha, as this service is assumed for the additional pass to spread urea. The cost changes in these
categories are the same for the three cases.

Liming is included in the category “remaining,” as it is not affected by the combination of strategies.

The total cost of the combination of strategies in corn is 23 USD/ha in the standard case, 9 USD/ha in the
best case and 39 USD/ha in the worst case. These are used to calculate the mitigation cost.

Table 5.12 Corn costs with combination of strategies for Typical Farm in Parana (USD/ha)
Baseline Standard case Best case Worst case
scenario Strategy Change Strategy Change Strategy Change

Seed 261 293 32 293 32 293 32
Fertilizer 393 361 -32 347 -46 376 -17
Pesticides 163 174 12 174 12 174 12
Diesel 19 20 1 20 1 20 1
Labor 10 11 1 11 1 11 1
Contractor 0 10 10 10 10 10 10
Remaining 34 34 0 34 0 34 0
Total 880 903 23 889 9 919 39

Source: own estimation.
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Emissions per hectare from implementing the mitigation strategy

The reduction of GHG emissions in corn resulting from the implementation of the combination of strategies
is presented in Table 5.13. The emissions from direct decrease by 235 kg COzeq/ha in the standard case,
353 kg COzeq/ha in the best case and 108 kg CO2eq/ha in the worst case. In the case of indirect, emissions
are lowered by 98 kg CO2eq/ha, 155 kg COzeq/ha and 33 kg CO2eq/ha in the respective cases. The changes in
both categories are largely attributed to the reduction in the nitrogen fertilizer used, which drives the
emissions of N;O. The use of vetch in the cover crop mixture adds more nitrogen to the crop residues that
can be lost as N,0, increasing GHG emissions, yet this effect is comparatively small.

Emissions from urea also decrease because of the adjusted fertilizer rate, resulting in a reduction of
84 kg CO2eq/ha in the standard case, 109 kg CO2.q/ha in the best case and 57 kg CO2eq/ha in the worst case.
Correspondingly, the emissions from the production of the fertilizer, shown in the category “manufacture,”
are lowered by 116 kg CO2eq/ha in the standard case, 150 kg CO2eq/ha in the best case and 79 kg CO2eq/ha
in the worst case.

Diesel emissions increase by 7 kg COzeq/ha in all cases, which results from the additional passes to spread
fertilizer and apply insecticide. The categories liming and land use are not affected by the strategies and
hence are included in remaining.

The total change in GHG emissions from corn in the Typical Farm in Paranad is a reduction of 526 kg COzeq/ha
in the standard case, 760 kg COz.q/ha in the best case and 270 kg COzeq/ha in the worst case. These
reductions are used to calculate the mitigation cost per ton of CO,.

Table 5.13 GHG emissions in corn with combination of strategies for Typical Farm in Parana
(kg CO2¢q/ha)

Baseline Standard case Best case Worst case

scenario Strategy Change Strategy Change Strategy Change
Direct 1,957 1,722 -235 1,604 -353 1,849 -108
Indirect 226 128 -98 71 -155 193 -33
Urea 301 216 -84 191 -109 244 -57
Manufacture 602 486 -116 452 -150 524 -79
Diesel 63 70 7 70 7 70 7
Remaining 551 551 0 551 0 551 0
Total 3,700 3174 -526 2,939 -760 3,430 -270

Source: own estimation.

Mitigation costs and considerations on the adoption, monitoring and enforcement of the strategy

The mitigation cost from the combination of strategies is 44 USD/t COzeq in the standard case,
12 USD/t COz¢qin the best case and 143 USD/t COzeqin the worst case.

Possibly, the implementation of the combination of strategies could be realized in the subsequent growing
season as no investment in equipment or new know-how is required. A wide-scale adoption also should be
feasible since no additional competition for the machinery at the farm level results from the joint
implementation of the individual strategies.

No additional considerations regarding monitoring and enforcing of the strategy are assumed for the
combination. The individual strategies would need to be monitored independently from each other. Thus,
the assessments presented for the individual strategies are likewise valid without significant changes.
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The adoption of the strategies could be promoted stepwise, as previously discussed in chapter 4.5.2. This
type of approach would facilitate acceptance by the growers, as they could learn the intricacies of the
strategies on a smaller acreage without incurring a higher risk. Moreover, an advantage of promoting the
combination of strategies is the possibility to utilize one approach to encourage the implementation of
more than one strategy. For instance, a tax on nitrogen fertilizer would improve the economics of the three
strategies, as they all lower the input of fertilizer needed. Consequently, the total transaction cost of the
combination could be lower than the sum of the costs of the individual strategies.

5.7 Policy advice: ranking of GHG mitigation strategies

The mitigation costs of all the strategies assessed for corn production in the Typical Farm in Parand are
presented in Table 5.14. As already conducted in chapter 4.7, the strategies are ranked based on their
mitigation costs. However, since no strategy leads to carbon sequestration, no different time horizons are
considered, as the strategies remain unchanged over time.

Table 5.14 Comparison of costs in the standard, best and worst cases for Typical Farm in Parana
(USD/t CO2eq)
Strategy Code Standard case Best case Worst case
Optimization of nitrogen rate BR-1 -10 -26 206
Cover crops BR-2 70 42 115
Enhanced efficiency fertilizer (inhibitors) BR-3 134 103 155
Combination of strategies BR-C 44 12 143

Source: own estimation.

Based on the standard case as a reference, the optimization of the nitrogen rate offers the lowest mitigation
cost, which is -10 USD/t COxeq. This is the only strategy that results in a win-win scenario. The second most
economic mitigation strategy is the combination, which implies a cost of 44 USD/t CO2eq. The following
strategy in the ranking is the cover crop mixture, which costs 70 USD/t CO2¢q. Finally, the most expensive
approach are the enhanced-efficiency fertilizer, posing a cost of 134 USD/t COzeq. Thus, the use of these
fertilizers is approximately three times costlier than the best strategy with positive costs (combination).

The ranking of strategies is the same when the best case is assumed. However, assuming the worst case,
cover cropping becomes the most economical alternative. The combination of strategies is indicated to be
the second-best alternative in economic terms. The adoption of urease inhibitors is the third-best option,
and the optimization of the nitrogen rate becomes the costliest strategy.

5.8 Summary and main findings of the case study

Three different GHG mitigation strategies and their combination were assessed for Parana Typical Farm:

(1) The nitrogen rate can be reduced by adding one more application of fertilizer. This additional pass is
conducted by a contractor. The lowered fertilizer rate compensates for the costs of the contractor,
except when the lowest reduction potential is assumed.

(2) The cereal cover crop used in the baseline can be replaced by a mixture of legume and cereal. No net
change in the soil carbon content takes place, but the legume fixates nitrogen, which reduces the need
to use synthetic fertilizers.

(3) Urease inhibitors allow a reduction of the urea rate. However, they imply a cost higher than the savings
stemming from the lower rate. No changes or adjustments are required in the operations, but their
reduction potential can be regarded as low.
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(4) Itis feasible to implement the combined strategies without making further changes. It combines the
technical and agronomic changes entailed in each strategy. The total changes imply an increase in corn
costs ranging from 1% to 4% In the best and worst cases. In the standard case the increase is
approximately 2%. Nonetheless, the highest mitigation is achieved.

Debatably, the mitigation cost of the strategies varies greatly. Based on mitigation cost-efficiency, the
optimization of the nitrogen rate ranks as the best alternative as it has a negative cost. From the strategies
with positive costs, the combination of strategies is the optimal strategy.
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6 Case study 3: Germany — winter wheat in Mecklenburg-Vorpommern

The criteria used to select Germany as the region within the EU for the case study are explained in chapter
3.1. The relevance of the country’s agricultural market share at the international level as well as
collaboration with researchers and other experts participating in agri benchmark were considered in this
decision.

The exchange rate assumed is 0.88 Euros per USD, which represents the average annual rate for the 2016-
2018 period (World Bank, 2021). All calculations are done in the local currency and are transformed into
USD as the last step.

The composition of this chapter and considerations described in this case study follow the same approach
already presented in chapter 4 for the Typical Farm in lowa. Therefore, in the cases where repetitions occur
or no adjustments are necessary, the concepts are not explained in detail, as these already have been
discussed. To better understand this case study, first read the assessment conducted for the Typical Farm
in lowa.

6.1 Selection of the region

The assessment to determine the region for the case study is first looks at state-level statistics, as most
information is provided at least at this level of disaggregation. In this regard, the output of winter wheat is
used as an indicator of the relevance of the regions in the national context. According to DESTATIS (2018,
2020b), the states producing the largest shares of national wheat production (average 2017-2019) are
Bayern (16.5%), Niedersachsen (13.1%) and Mecklenburg-Vorpommern (10.1%). Scientists in the three
states were contacted to present this project and offer the possibility to cooperate.

Utilizing the agri benchmark network, collaboration with researchers in Mecklenburg-Vorpommern was
gained, which is key for this assessment. Moreover, the scientific partners responsible for the preexisting
Typical Farm in the region, used for the construction of the preliminary background for the case study,
agreed to support the project. An additional consideration for this decision was a strong interest in the topic
and in working on projects related to GHG mitigation in crop rotations in the region, meaning familiarity
with the discussion and considerations related to this topic, which can support the project with technical
expertise. Hence, considering the interest and knowledge of the scientific partner in this topic as well as his
previous experience with the focus group approach and the concept of the Typical Farm,
Mecklenburg-Vorpommern was selected for the case study.

6.2 Climate

The mean climate values in the region are shown in Table 6.1. The average annual precipitation is 640 mm,
which is distributed across the year evenly. However, between March and June, it is possible to have
comparatively long periods with low rainfall (LFA, 2014a). The risk of frost begins in late October and
extends until late March; snow can fall from November until February (DWD, 2022).
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Table 6.1 Climatic data in Mecklenburg-Vorpommern (1981-2010)
Month Temperature Min. Temp. (°C) Max. Temp.(°C) Monthly
(°C) Rainfall (mm)
Jan 0.8 -8.7 5.3 54
Feb 13 -10.5 6.1 41
Mar 4.0 -1.3 7.3 49
Apr 8.3 4.3 12.0 39
May 8.9 8.6 16.7 53
Jun 155 11.7 20.0 61
Jul 18.1 13.9 225 70
Aug 17.6 13.6 21.7 63
Sep 13.8 9.8 17.5 52
Oct 9.5 5.0 12.7 51
Nov 4.9 0.0 7.8 52
Dec 1.5 -5.1 7.1 55

Source: DWD (2022)

6.3 Background and key features of arable farming in Mecklenburg-Vorpommern

There are approximately 1.1 million ha of arable land in Mecklenburg-Vorpommern (DESTATIS, 2022).
Based on the average acreage from 2010 to 2020, the most-grown crops are winter wheat (31%), winter
rapeseed (21%), corn silage (14%) and winter barley (11%). These crops combined represent 76% of the
total acreage in the state. Usually, winter wheat is grown after winter rapeseed (Bull, 2018). The acreage of
these crops is presented in Figure 6.1.

Figure 6.1 Acreage of selected crops in Mecklenburg-Vorpommern from 2010 to 2020
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Source: own elaboration based on DESTATIS (2022)

The acreage of winter wheat has remained mainly constant since 2010. However, the production of winter
rapeseed has a downward trend. This partly can be attributed to the intensity of nitrogen used in this crop
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and the implementation of the Fertilizer Directive or Diingerverordnung (DiV). The guidelines of the BMEL
(2021a), which has the objective to restrict the input of nitrogen fertilizer to lower the risks of pollution,
determine the nitrogen rates that can be applied. These rates are based on the crop grown, historical yields
and mineral nitrogen available in the soil®® from the previous season, among other factors. Rapeseed’s low
nitrogen uptake rate implies that high fertilizer rates may be required to maximize economic return
(Bouchet et al., 2016), and with the DUV limits coming into force, this crop has become relatively less
profitable. Therefore, growers have been gradually replacing this crop. Pressure from pests has further
decreased the economic performance of this crop (LFA, 2019b).

Since 2020, the BMEL (2021a) makes the use of urease inhibitors mandatory when urea is applied and
cannot be incorporated within four hours after it is spread. Thus, it can be inferred that all urea applications
occurring after seeding already include these inhibitors, since incorporating the fertilizer when the crop is
already established would damage the plants. Moreover, this implies that the mitigation strategy based on
using enhanced-efficiency fertilizers already is partly included in the baseline scenario®.

Growers in the EU receive economic support from the Common Agricultural Policy (CAP). To receive the
basic payments, growers are required to comply with rules that define, among other things, the least
number of crops in the rotation as well their maximum shares. These payments are decoupled, meaning
that they are not tied to a specific crop.

6.4 Typical Farm and focus group

The preexisting Typical Farm was used for the preliminary baseline scenario in the discussion with the focus
group. Adjustments to this baseline as well as changes required for the mitigation strategies follow the
approach explained in chapter 3.4.1.

6.4.1 Typical Farm and its representativity

Following the practice in chapter 3.4, the Typical Farm is compared to survey data to assess its
representativity. The Typical Farm is assumed to have 1,100 ha dedicated exclusively to the production of
cash crops. The latest Agricultural Structure Survey (Agrarstrukturerhebung), conducted in 2016, provides
data on the acreage operated by various farm size classes. Based on the survey’s description, the Typical
Farm is in the category of farms with 500 ha or more, which is the biggest of the size classes. Farms in this
class manage 68% of the arable land of the state (DESTATIS, 2022). Fundamentally, this confirms that the
Typical Farm belongs to the category producing the bulk of the output, as defined in the Typical Farm
approach. However, considering the range of the farm sizes that may potentially be included in the survey’s
size class, this characteristic of the Typical Farm cannot be sufficiently evaluated.

The Typical Farm is assumed to have reduced tillage, which is used on approximately 60% of the acreage in
Mecklenburg-Vorpommern (DESTATIS, 2010). The crop rotation assumed is winter rapeseed, winter wheat,
corn silage and, lastly, a winter cereal. This cereal can be assumed to be barley and wheat, both with equal
shares. No statistical data on crop rotations could be identified, although this type of crop rotation has been
deemed common in Mecklenburg-Vorpommern in reports by LFA (2019b)

30 |n the context of the values and literature concerning the DiiV, the mineral nitrogen available in the soil is referred to as

Nmin~

31 The possibility to combine the urease inhibitor with other additives to enhance the mitigation effect was assessed.
However, no applicable scientific literature could be identified. Hence, the possibility to combined two or more additives
is not considered.
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The input intensity and yield of winter wheat depend on the crop preceding it (LFA, 2019b). Considering
that this crop is grown twice in the rotation and after different crops, a choice must be made. The share of
the crop in the rotation is used as the determining criteria to select the crop, as this theoretically increases
the representativity of the results. Thus, winter wheat preceded by winter rapeseed is used for this case
study.

In addition, it can be assumed that the production strategy of this wheat in the Typical Farm is to fulfill the
criteria to reach baking quality®®. Baking wheat has a higher grain price than feed wheat, which is the
category attained if the criteria are not met. The input intensity required to reach baking quality -
particularly nitrogen usage to generate the protein content necessary (Martre et al., 2006) - is usually
higher. The particularities of producing baking wheat are taken into account in this comparison and the case
study.

Selected agronomic and economic indicators for Mecklenburg-Vorpommern collected from farms
distributed across the state are made available by LFA. These indicators are used for comparison against
the Typical Farm, which is shown in Table 6.2. The average from the reported data from 2018 to 2020 is
used to depict a “normal” year.

The average wheat yield for the Typical Farm is 19% higher than in LFA’s reports, but the nitrogen rate and
protein contents are similar in both cases. The protein content is one of the key criteria to determine baking
quality in Germany (Vollmer and MuRhoff, 2018). Fertilizer expenditure on the Typical Farm is higher than
the average from LFA. However, considering that no information on the specific type of fertilizers, rates or
unitary prices is provided, it is not possible to make further inferences. Crop care is the category with the
largest difference, with it significantly higher in the Typical Farm. However, given that no details are
provided, no further analysis is possible. Arguably, most of these differences can be attributed to the
agroclimatic variability observed within the state.

Table 6.2 Comparison of winter wheat for Typical Farm with data from LFA
Typical Farm Estimation LFA Difference*
Yield (t/ha) 9.0 7.6 19%
N rate (kg/ha) 193.0 194.3 -1%
Protein content (%) 12.5 12.8 -2%
Fertilizer (USD/ha) 207.0 177.4 17%
Crop care (USD/ha) 227.4 173.2 31%

*Considers the estimation as the reference point to compare it with the Typical Farm.
Source: own estimation based on LFA (2019a, 2020, 2021).

While certain aspects of winter wheat production on the Typical Farm are in line with average state data
(nitrogen rate and protein content), some indicators such as yields differ significantly. Consequently,
despite winter wheat production on the Typical Farm having characteristics similar to the average of the
state, the representativity of the results is provided by the focus group methodology.

6.4.2 The Mecklenburg-Vorpommern focus group

The Typical Farm already depicted in Mecklenburg-Vorpommern was used for the preliminary evaluation
of the mitigation strategies. Expert interviews and scientific literature also were reviewed to prepare the

32 Baking quality is divided in several subcategories’ dependent on the baking properties of the grain. This case study focuses

on wheat of B quality, which was considered in the focus group discussion.



118 Chapter 6 Case study 3: Germany — winter wheat in Mecklenburg-Vorpommern

focus group discussion, which was conducted in October of 2021. Five growers, two researchers including
the person responsible for the Typical Farm, an agricultural consultant who also participates in the agri
benchmark network and the researcher conducting this assessment participated. The period 2018 to 2020
was used to define an average year in the focus group as well as for the comparison with statistical data.
The input prices depict the situation before the coronavirus pandemic since it generated significant market
disruptions.

The discussion started with an introduction of the project followed by the presentation of the preliminary
results from the lowa and Parana case studies. The production of winter wheat in the baseline scenario was
defined based on the discussion in the focus group and the preexisting Typical Farm in the agri benchmark
network. The results and values assumed for the Typical Farm are presented in chapter 6.5.1.

After the baseline was established, the discussion of the GHG mitigation strategies was conducted. Each
strategy was evaluated until a consensus was reached among the participants. Although the strategies
focused on winter wheat production, the repercussions on the entire crop rotation were considered.
Additional interviews with experts and a revision of previous studies were used to validate the strategies
and their consequences.

6.5 Mitigation strategies analyzed

The approach used in this case study has been explained in chapter 4.5 for the Typical Farm in lowa. Hence,
the relevant features of the mitigation strategies already covered in that case study are not discussed in
detail again. Only the key aspects, as well as the differences applicable to this Typical Farm, are explained
in this assessment.

The possibility to combine the mitigation strategies assessed for the Typical Farm is presented in chapter 6.6
and the comparison of the strategies in chapter 6.7. Appendix A contains the tables presenting the
assumptions used for the calculation of the mitigation costs in this case study®.

6.5.1 Status quo — baseline scenario (DE-0)

The baseline scenario derived from the adjustments to the preexisting Typical Farm and additions from the
focus group are discussed in this chapter. The GHG mitigation strategies presented are compared against
this baseline. The total expenditure in winter wheat production is 828 USD/ha, which is disaggregated in
Table 6.5 in chapter 6.5.1.

The data on yields, protein content, fertilizers, pesticides, labor and diesel are obtained from the focus
group. However, the machinery costs (depreciation and repairs) assumed in the baseline scenario are
adopted from the preexisting Typical Farm in the agri benchmark network. Thus, these machinery costs do
not include the adjustments made in the baseline scenario generated in the focus group discussion.
Nonetheless, presenting the machinery costs from the Typical Farm in the network is considered valuable
information to understand how winter wheat is produced in Mecklenburg-Vorpommern. It must be noted
that adopting this value does not affect the calculation of the mitigation costs in the case study, as only the
marginal change necessary for the implementation of the strategies is needed.

33 |nput costs are presented in Table A.1, coefficients for the GHG calculation in Table A.2, inputs used in wheat in Table
A.10, description of machinery in Table A.12, and farm operations in Table A.13.
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Emissions per hectare in the baseline scenario

For the estimation of the adjustment factor for indirect emissions (see chapter 3.5.1.2) and total GHG
emissions from winter wheat production, nitrogen fertilizers must be evaluated based on their types. In this
Typical Farm, the total fertilizer rate (193 kg N/ha) is applied as urea treated with urease inhibitors*
(120 kg N/ha), diammonium phosphate (or DAP) (18 kg N/ha) and urea ammonium nitrate (or UAN)
(55 kg N/ha).

The DGV (BMEL, 2021b) makes it mandatory for growers to sample the soil to report the amount of nitrogen
from the previous crop that remains in the soil and is available for the following crop. In this regard, the
participants of the focus group mentioned that, on average, 33 kg N/ha are available in the soil for winter
wheat after rapeseed. In turn, the nitrogen after winter wheat is reported to be 23 kg N/ha. This implies a
net reduction of 10 kg N/ha in the nitrogen reserves of the soil occurring during the wheat production
season. This nitrogen can be assumed to exit the system in the harvested crop parts and be lost to the
environment via direct and indirect pathways. Consequently, for the calculation of the mitigation strategies
and emissions®, the 10 kg N/ha are deemed as an additional source of nitrogen not included in the fertilizer
rate. Hence, the emissions allocated to winter wheat are higher than just considering the nitrogen fertilizer
applied directly to this crop.

The moisture content of the wheat is assumed to be 14%, which is the common value used for this crop in
Germany. The nitrogen content of the grain obtained with 12.5% protein content is assumed to be 1.89%
of the fresh matter (or 2.33% of the dry matter), based on the reference values from the BMEL (2021a)%.
Consequently, considering a yield of 9 t/ha, a total of 170 kg N/ha are removed from the system via harvest.

The climate of the Typical Farm according to the IPCC categories is defined as Cool Temperate Moist (JRC,
2022). The GHG emissions from winter wheat production in the Typical Farm in Mecklenburg-Vorpommern
are 3,007 kg COzeq/ha and are presented in Table 6.3. A summary of the emissions entailed in each category
is provided in chapter 3.5.7.

34 For the calculation of GHG emissions from urea treated with urease inhibitors, the default emission factors from IPCC
(2019a) are adopted. The rate of this fertilizer is constant in all strategies and cases. Consequently, this assumption does
not affect the mitigation costs, as only the changes between the emissions in the baseline scenario and the mitigation
strategies are required.

35 The result of the soil sampling according to the BMEL (2021a) represents the sum of the nitrogen in the soil available as
NHs and as NOs. For the calculation of the emissions according to IPCC (2019a), the 10 kg N/ha are assumed to be 50%
NH; and 50% NOs. No costs or emissions from the manufacture of this nitrogen are assumed.

36 The reference values provided by BMEL (2021a) do not include winter wheat with 12.5% protein content. Hence, this
value is obtained utilizing linear interpolation from the values indicated.
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Table 6.3 GHG emissions from winter wheat for Typical Farm in Mecklenburg-Vorpommern
Hectare Product
(kg CO2eq/ha) (kg COzeq/t crop)
Direct 1,858 206
Indirect 162 18
Liming 0 0
Urea 235 26
Manufacture 471 52
Diesel 282 31
Land use 0 0
Total 3,007 334

Source: own estimation.

No lime is applied to winter wheat. Moreover, it can be assumed that the Typical Farm has not changed the
tillage regime or the input of biomass in the past 20 years. Therefore, according to IPCC (2019a)
methodology, no net change in the carbon content of the soil takes place (see chapter 3.5.6); thus, no
emissions from land use are calculated.

6.5.2 Optimization of nitrogen rate (DE-1)

As explained in chapter 3.6.2.1, it theoretically is possible to mitigate emissions by reducing the nitrogen
rate to lower the losses without affecting the yield. The NUE approach can be used to determine the
nitrogen reduction potential. The total nitrogen supply considered for this calculation is assumed to be the
sum of the fertilizer rate (193 kg N/ha) as well as the difference in the nitrogen reserves in the soil
(10 kg N/ha). The export of nitrogen as harvest is calculated to be 170 kg N/ha; thus, the Typical Farm has
an NUE of 84% in the baseline scenario, which can be regarded as high.

The default reference values presented in chapter 3.6.2.1 are used for the optimal NUE, as no
region-specific estimates could be identified in scientific literature. These optimal values are 80% for the
worst case, 85% for the standard case and 90% for the best case. However, the NUE in the baseline already
is higher than the optimal value used in the worst case (84% and 80%). This implies that implementing the
optimal NUE indicated by the worst case (80%) results in a higher fertilizer rate (202 kg N/ha) than the one
used in the baseline scenario, which would generate comparatively more emissions. Hence, the worst case
is omitted in this strategy. The NUE from the standard and best cases are adopted without adjustments.
The fertilizer rates and nitrogen reduction are presented in Table 6.4.

Table 6.4 Reduction of nitrogen rates based on optimal NUE for Typical Farm in
Mecklenburg-Vorpommern

Case N removed via Fertilization rate NUE N reduct'ion
harvest potential
(kg N/ha) (kg N/ha) (%) (kg N/ha)
Baseline 170 193 84 -
Standard 170 190 85 3
Best case 170 179 90 15

Source: own estimation based on Brentrup and Palliere (2010).
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The participants of the focus group explained that the nitrogen fertilization program used in winter wheat
begins with an application of urea as well as DAP in February, followed by UAN in April and, lastly, UAN in
May. The rate applied with UAN each time is 28 kg N/ha, which is mixed with pesticides. Considering the
number of passes already included in the baseline scenario and the competition for machinery stemming
from the other crops, the growers commented that adding more passes is not feasible. Still, they added
that the UAN rate could be decreased by an equal amount in each of the two passes. This implies that no
changes in machinery, diesel or labor are necessary, as the existing fertilization program is used.

However, they also mentioned that to minimize the risk of negatively affecting the wheat yield, they would
hire a contractor to fly a drone with nitrogen sensors before the last application to detect possible
deficiencies and compensate if it is necessary. The contractor fee is assumed to be 28 USD/ha.

The participants of the focus group stated they are aware that they operate on the higher levels of wheat’s
nitrogen-response curve. They added that they estimate the marginal yield change from the reduced
nitrogen rates to be small, but no specific value was provided. Moreover, they mentioned that the reduced
rate could affect the protein content, decreasing the quality of the produce, resulting in a decreased price
received for the wheat.

To evaluate these potential variations, the results published by Michel et al. (2007), conducted in the same
region as the Typical Farm, are used as a reference. Between 1993 and 2000, they tested several wheat
varieties based on the baking quality. Based on the focus group, the wheat produced in the Typical Farm is
assumed to be B-quality. Two different sites with this wheat quality are reported in the analysis,
representing the usual agroclimatic conditions found in the region. For each site, a nitrogen yield response
curve is provided. Thus, an average of both curves is calculated and used to quantify the possible changes
of the nitrogen reduction on the yields in the Typical Farm.

Moreover, Michel et al. (2007) also provide a regression for the estimation of the protein content as a
function of nitrogen fertilizer, although for only one of the sites. The other regression is omitted as it did
not fit the statistical presumptions. Thus, the effect of the nitrogen reduction on the protein content is
based on only one regression. The yield and protein curves are shown in Figure 6.2.

Figure 6.2 Estimated wheat yield and protein content under different nitrogen fertilization rates in
Mecklenburg-Vorpommern
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Calculating the regression using the nitrogen rate in the baseline scenario results in an estimated yield of
8.9 t/ha. Taking into account that the yield of the Typical Farm is 9 t/ha, the regression is deemed an
adequate representation. Compared with the yield calculated with the regression, the reduced nitrogen
rates cause a decrease of 0.01 t/ha in the standard case and 0.03 t/ha in the best case. These decreases can
be considered negligible.

The same approach is used to assess the effect of nitrogen reduction on protein content. The curve is also
deemed a good approximation, as it results in 12.1% protein content. The highest nitrogen reduction (best
case) lowers the calculated protein content by 0.2%. Deducting this difference from the protein content in
the baseline scenario (12.5%) results in 12.3%. Usually, a protein content of at least 12% is required to reach
the B-quality in Mecklenburg-Vorpommern (Vollmer and MuBhoff, 2018). Assuming the protein content is
affected by the nitrogen reduction assumed in the mitigation strategies, the wheat would still attain the
same quality and, thus, its grain price.

Possibly, reducing nitrogen fertilizer could affect the nitrogen available after winter wheat. The potential
effect that the nitrogen reduction could have depends on multiple variables, including crop, fertilizer type
and timing of the application, among other factors. No reference values for the region or an applicable
approach to calculate this change could be identified. However, the results from LfL (2001) can be used as
an indication of the effect. They measured the nitrogen available after several crops for 10 years in 214
different sites distributed in the state of Bayern. The authors found that crops fertilized with less than
100 kg N/ha and with 100 to 200 kg N/ha left approximately the same amount of nitrogen in the soil. A
likely explanation for this phenomenon is that the crops had not reached their yield potential and were
therefore absorbing all the nitrogen that was easily available to them. Considering that the nitrogen rates
calculated for the Typical Farm are within the ranges mentioned in the study, the nitrogen available in the
soil after winter wheat is assumed to remain unchanged by the strategy.

Total costs from implementing the mitigation strategy

The total cost of optimizing the nitrogen fertilization rate of winter wheat in the Typical Farm is shown in
Table 6.5. The worst case is omitted as the NUE in the baseline scenario is higher than the optimal value
assumed for this case.

The reduction in fertilizer expenditure varies depending on the case, as the UAN reduction achievable
differs. The standard case results in a reduction of 3 USD/ha and the best case in a reduction of 11 USD/ha.
The contractor’s fee to fly the drone to measure the nitrogen levels is 28 USD/ha, which is the same in both
cases. No further changes result from the implementation of this mitigation strategy. Thus, the total change
in the standard case is an increase of 26 USD/ha. The change in the best case is an increase of 18 USD/ha.
Thus, even the highest UAN reduction is not sufficient to compensate for the added cost of the contractor.
These values are used for the calculation of the mitigation cost.
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Table 6.5 Wheat costs with optimized nitrogen fertilization rate in Typical Farm in
Mecklenburg-Vorpommern (USD/ha)

Baseline Standard case Best case

scenario Strategy Change Strategy Change
Seed 60 60 0 60 0
Fertilizer 207 204 -3 196 -11
Pesticides 227 227 0 227 0
Liming 0 0 0 0 0
Diesel 87 87 0 87 0
Labor 80 80 0 80 0
Machinery 167 167 0 167 0
Contractor 0 28 28 28 28
Total 828 854 26 846 18

Source: own estimation.

Emissions per hectare from implementing the mitigation strategy

The reduction in GHG emissions derived from the reduced nitrogen rate is presented in Table 6.6. The
emissions from the categories direct and indirect, both mainly driven by the input of nitrogen, are lowered
depending on the case. In the standard case, emissions from direct are reduced by 26 kg CO3eq/ha and from
indirect by 18 kg CO,eq/ha. The reductions in the best case are 109 and 79 kg CO2q/ha, respectively.

Similarly, the reduction in the UAN rate lowers CO; emissions derived from the chemical structure of the
fertilizer by 3 kg CO2eq/ha in the standard case and by 12 kg COzeq/ha in the best case. The emissions from
the manufacture of fertilizer are decreased depending on the fertilizer reduction calculated. Here, a
decrease of 9 kg COzeq/ha is calculated for the standard case and 40 kg COzeq/ha in the best case. No further
changes are estimated to occur; hence, the categories liming, diesel and land use are included in remaining.

The resulting emissions from the standard case are a net reduction of 56 and of 239 kg COzeq/ha in the best
case. These values are used to calculate the mitigation cost from the strategy.

Table 6.6 GHG emissions from winter wheat with optimized nitrogen fertilization rate for Typical
Farm in Mecklenburg-Vorpommern (kg CO2¢q/ha)

Baseline Standard case Best case

scenario Strategy Change Strategy Change
Direct 1,858 1,832 -26 1,749 -109
Indirect 162 143 -18 83 -79
Urea 235 232 -3 224 -12
Manufacture 471 461 -9 430 -40
Remaining 282 282 0 282 0
Total 3,007 2,951 -56 2,768 -239

Source: own estimation.
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Mitigation costs and considerations on the adoption, monitoring and enforcement of the strategy

Reducing the nitrogen rate in winter wheat on the Typical Farm results in a mitigation cost in the standard
case of 460 USD/t COzeqand of 73 USD/t COx¢q in the best case.

The essential elements of monitoring this type of mitigation strategy as well as its enforcement already
were addressed in the lowa case study in chapter 4.5.2. However, an important difference results from
Germany’s Fertilizer Directive presented in BMEL (2021a). Under the current directive, growers are obliged
to report their application of nitrogen, providing a detailed description of rates, fertilizer used and crop,
among other factors. This information is reported to the state annually. Hence, the technical and
organizational systems already have been implemented for this regulation. The same systems could be
expanded or adjusted to better monitor the adoption of the mitigation strategy. Hence, compared with
lowa, which lacks this type of system, the transaction costs likely would be comparatively lower or
potentially negligible in Mecklenburg-Vorpommern, as the current system would require only partial
adjustment.

Comparison of results from Typical Farm with literature

Karatay et al. (2019) simulated the effect of a nitrogen reduction in winter wheat production in the state of
Brandenburg, the southern neighboring state of Mecklenburg-Vorpommern. The simulations use a similar
initial nitrogen rate as well as reductions compared to the assumptions for the Typical Farm. They estimate
a reduction of 99 kg COzq/ha, which is between the standard and best cases in this thesis (56 and
239 kg CO,eq/ha). The mitigation costs they present are -111 USD/t CO;eq, indicating that it is a win-win
scenario. This differs significantly from the Typical Farm, as the costs are estimated to range from 73 to
460 USD/t CO2q in the best and standard cases, respectively. The considerable difference can be attributed
to the different assumptions regarding input costs, especially the usage of the drone in the Typical Farm,
which is not considered by the authors of the other study.

6.5.3 Cover crops (DE-2)

Change in the CAP regulations concerning cover crops

An important consideration regarding the assessment of this strategy is the likely change in the new CAP
valid from 2023. When the case study was organized, the CAP (valid until 2022) considered the use of cover
crops as a voluntary practice that could be subsidized if certain criteria were met (types of crops, number
of species, etc.). However, in the proposal for the new CAP from 26/11/2021 (BMEL, 2021b), which was the
newest version while assessing the strategy, it was stipulated that arable land should be covered from
December the 1% to the 15 of January to lower the risk of erosion. The possible covers accepted in the
proposal are perennial crops, winter crops, cover crops or not tilling the stubble from the previous crop
(BMEL, 2021b). No specific definition in terms of the number of species or composition of the cover crop is
stipulated in the proposal. Having a cover is mandatory to receive the basic payment of the CAP. Considering
the relevance of this subsidy to crop production, it can be assumed that the Typical Farm will fulfill this
requirement, indicating that this strategy will be implemented by the Typical Farm. It must be noted that
no critical differences affecting the assumptions utilized in this case study were identified between the
proposal of the CAP used to assess the strategy and the version of the CAP that was approved.

Assessment of the mitigation strategy

Approximately 33% of the arable acreage in Mecklenburg-Vorpommern was cultivated with summer crops
in 2020 (DESTATIS, 2022). In the same year, 12% of the arable acreage had winter cover crops (DESTATIS,
2020a). Thus, it can be inferred that 64% of the acreage before summer crops is fallow. In this regard, the
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Typical Farm is no exception, as it does not use winter cover crops. These theoretically could be seeded
after the harvest of winter wheat and before the summer crop corn silage. This instance is the only case in
which cover crops could be adopted in the current four-year rotation, as the remaining three seasons have
winter crops. In principle, this implies that carbon can be sequestered in the soil via incorporation of the
additional biomass, which can be considered a GHG mitigation strategy (see chapter 3.6.2.3).

In theory, replacing winter wheat with a combination of winter cover crops followed by spring wheat could
promote carbon sequestration. However, this was regarded as economically unfeasible by the participants
of the focus group, who commented that they estimated yields would be halved. This is in line with
statistical data from the state as it indicates that the average yield of spring wheat is approximately 50%
lower than the winter strains (DESTATIS, 2020b). Moreover, the members of the focus group estimated that
winter wheat produces more biomass than the sum of a winter cover crop and spring wheat.

A brief literature review supports this hypothesis. Suppose a spring wheat yield on the Typical Farm of
4.5 t/ha (50% of the winter wheat yield). Assuming 14% moisture in the grain, the yield’s dry mass weighs
3.9 t/ha. The ratio of above-ground residue to yield, both as dry mass, can be assumed to be 1.3 (IPCC,
2019a). Thus, the above-ground residues would decrease by 5 t/ha. Considering a ratio of above-ground
biomass (sum of yield and residues) to below-ground dry biomass of 0.23 (IPCC, 2019a), the below-ground
residues would decrease by 1.2 t/ha. Therefore, the net change in residues from producing spring wheat
instead of winter wheat is a reduction of 6.2 t/ha.

Trials by LFA (2014b) with winter cover crops conducted from 2010 to 2013 in the region of the Typical Farm
determined that the highest output of biomass is achieved with white mustard, which produces 2 t/ha (as
dry mass). Assuming an above-ground to below-ground ratio of 0.22 (IPCC, 2019a), approximately 0.4 t/ha
of residues are found below the soil. Thus, a total of 2.4 t/ha of residues are produced with the highest
biomass-yielding winter cover crop tested. This is not enough to compensate for the reduction in the
residues from growing spring wheat instead of winter wheat. Consequently, the carbon content of the soil
would be reduced from the reduced input of biomass, which means that CO, would be released. Thus, this
alternative is not a feasible mitigation strategy.

A list of possible winter cover crops was discussed in the focus group and was evaluated based on their cost,
limitations regarding diseases shared with cash crops and proneness to winter-kill. A high probability of
winter-kill was deemed critical by the focus group, since this would ensure the crop is terminated, lowering
the risk of affecting the establishment of the following crop. They added that the use of herbicides is
becoming more limited due to changes in the regulations; e.g., general prohibition of spraying glyphosate
beginning in 2024. Based on these considerations, oats were considered the cover crop that best fit the
criteria. Hence, this cover crop is assumed to this assessment.

The participants of the focus group mentioned that the common seeding rate for cover crop oats is
80 kg/ha. This crop already is produced in the region; hence, farm-saved seed can be purchased at
0.23 USD/kg. Seeding can be assumed to take place in early September utilizing the same pass as stubble
tillage. In the baseline scenario, this operation is conducted with a cultivator using the grower’s equipment,
on which a seed drill can be mounted. Thus, cover crop seeds can be drilled in the soil as the stubble is tilled.
Hence, no additional diesel or labor are required for seeding. The cultivator is not affected by this
adjustment, so no changes in depreciation costs are assumed as the same farm operations are conducted
as in the baseline.

However, the seed drill is considered supplementary equipment not included in the baseline, which implies
additional costs from depreciation and maintenance. This seed drill is assumed to cost 8,530 USD and
requires yearly maintenance of 227 USD. Usually, the cultivator would be purchased together with the seed
drill and, equally, they would be resold together. Therefore, the same (10-year) depreciation period as the
cultivator is assumed for the seed drill. The annual utilization of the cultivator in the baseline scenario is
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assumed to be at approximately full capacity. This determines the residual value, which is 25% of the
purchase value in these conditions. Taking into account that both pieces of equipment would be sold
together, the same percentage is assumed for the residual value of the seed drill, despite it having a lower
utilization as it is not mounted every time the cultivator is utilized. All the machinery-related costs from the
seed drill (3.8 USD/ha) are allocated to winter wheat for this estimation.

Oats are prone to winter-kill in Mecklenburg-Vorpommern. Thus, the cover crop can be assumed to be
terminated due to winter temperatures. The members of the focus group mentioned that two passes with
the disk harrow would be used to cut the residues and incorporate them into the soil. These passes are
additional to the operations conducted in the baseline scenario.

Yet, the members of the focus group added that the ban on glyphosate, expected to start in 2024, would
imply changes to corn silage production. Currently, this herbicide is sprayed in March before corn is seeded.
After the ban is in place, they plan to conduct a pass with the disk harrow to control weeds. This operation
can be interpreted as the replacement for the herbicide application. Thus, it can be inferred that the
long-term baseline scenario already includes a pass with the disk harrow. Consequently, the incorporation
of the residues of the cover crops implies only one additional pass with the disk harrow.

This pass is assumed to take place in late February and does not compete with any other operation. For this
reason, as well as considering the type of equipment, no additional depreciation is assumed for the disk
harrow. However, an increased expenditure from additional repairs and maintenance for the equipment
and tractor is assumed (1.7 USD/ha), as well as more diesel and labor required for the pass. These cost
changes are allocated to winter wheat too.

For the calculation of emissions from the decomposition of crop residues, based on the assessment by LFA
(2014b) already presented, the above-ground dry biomass of oats is assumed to be 1.5 t/ha*. The nitrogen
in the oats is added to that of the residues from winter wheat.

Komainda et al. (2018) tested the effect of several cereal winter cover crops before corn silage in trials
conducted for two years in northern Germany. The authors concluded that the cover crops did not affect
silage yields. The report from LFA (2014b) previously mentioned does not report the yields of the crop
grown after the cover crop. Nonetheless, it is mentioned that no distinguishable differences could be
perceived in the early growth stages of corn silage compared to the crop grown after winter fallow. Thus,
negative yield effects are not expected in this case, as indicated by the authors. No further literature from
the region of the Typical Farm could be identified. However, based on data from similar agroclimatic
conditions, it is possible to obtain further insights. Hunter et al. (2019) evaluated oat’s influence in silage
yield from 2012 to 2015 in Pennsylvania and came to the same conclusion regarding yield changes.
Moreover, Hashemi et al. (2013) concluded after a three-year trial in Massachusetts that oats as cover crop
could have a positive effect in situations of limited nitrogen availability. They attribute this effect to the
capacity of the cover crop to absorb nitrogen and its proneness to winter-kill.

Generally, cover crops absorb a share of the nitrogen remaining in the soil that otherwise would be leached.
This nitrogen is then released when the crop residues decompose, and the nitrogen mineralizes.
Considering that oats are prone to die naturally in winter, the nitrogen they absorbed quickly becomes
available to the following crop.

37 The default values from IPCC (2019a) are used to determine the nitrogen addition from crop residues, which are

presented in Table A.5 in the Appendix. Based on them and the trial results, the above-ground residues are assumed to
add 11 kg N/ha and the below-ground residues 3 kg N/ha. Thus, the total of 14 kg N/ha are added to the crop residues
from winter wheat.
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In the case of the Typical Farm, the aforementioned LFA (2014b) study can be used as a reference to
determine the potential changes in soil nitrogen from using cover crops. The authors report the nitrogen
available in the soil in March and April, before corn is seeded. The nitrogen available in the soil in March,
without cover crops, is 28 kg/ha and in April, 47 kg/ha. The values under winter-killed cover crops, which
includes oats, are 35 kg/ha and 72 kg N/ha, respectively. The increase in April in both cases can be
attributed to the mineralization of the nitrogen in the residues. The average of both months is assumed,
which implies 38 kg N/ha without cover crops and 54 kg N/ha with cover crops. Thus, the difference of
16 kg N/ha is assumed to represent the nitrogen that was prevented from leaching by the oats in the Typical
Farm and is then available to the subsequent corn crop.

To calculate the reduction in emissions and costs from the prevented leaching, it is assumed that the saved
nitrogen is reduced from the first application in corn silage, which is as urea. This implies a GHG emission
reduction of 211.5 kg COzeq/ha and lowered expenditure of 11.1 USD/ha. These changes are accounted for
in the cost and emission tables of winter wheat.

No scientific literature could be identified that evaluated the long-term effect in the soil organic carbon
resulting from cover crops in the region of the Typical Farm. However, the data gathered for the German
Agricultural Soil Inventory, which sampled over 3,000 sites representative of the common practices in
Germany, reveals that cover crops promote the increase in the soil organic carbon in arable systems (Jacobs
et al., 2020). The meta-analysis by Poeplau and Don (2015), already presented in chapter 4.5.4, evaluates
the effect of cover crops on soil organic carbon across several climatic and soil conditions, including sites in
Germany. The analysis also reveals a positive relationship between cover crops and carbon sequestration.
While these studies are not specific to the region of the Typical Farm, they indicate that carbon
sequestration likely would occur.

The methodology provided by IPCC (2019a) is used for the estimation of the carbon sequestration potential
(see chapter 3.5.6). This methodology requires the definition of the soil category, which for the Typical Farm
can be assumed to be Mollisol (JRC, 2022). The soil category dictates the base soil organic carbon content.
As already applied in chapter 4.5.4 for the lowa case study, IPCC’s approach also provides coefficients
representing soil management and input of organic matter, among other factors. These coefficients are
multiplied with the base soil organic content to calculate the content under the specific conditions assumed.

The use of cover crops is included in the coefficient of input of organic matter, which is provided with a
default coefficient as well as a range. Thus, the default coefficient is assumed to represent the carbon
content in the standard case. The highest coefficient indicated in the range implies the highest soil carbon
and is thus used to determine the best case. Equivalently, the worst case is calculated using the lowest
coefficient.

As already discussed in chapter 4.5.4, the calculation for the carbon content in the soil based on the IPCC
(2019a) methodology implies that cover crops do not promote carbon sequestration if the worst case is
assumed. This results from the factor used to calculate the net change being the same in the worst case as
in a scenario without cover crops. Nevertheless, based on the literature revised in the aforementioned
chapter, the probability of cover crops not promoting sequestration is considered highly unlikely.

Following the IPCC (2019a), it is assumed that the potential to sequester carbon is finite. Once the soil
reaches a new equilibrium, the potential can be considered realized and no net change occurs.
Consequently, the assessment of the mitigation strategy is divided into a transition stage representing the
period with carbon sequestration and a stable stage, which represents the new equilibrium. To estimate

38 To calculate the total reduction in emissions from the reduction of the 16 kg N/ha, the default emission factors from IPCC
(2019a) are used, which are presented in Table A.6 in the Appendix. However, no adjustment factor is calculated (see
chapter 3.5.1.2), as the information for corn silage was not discussed in detail in the focus group.
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the sequestration potential in the transition stage, the difference between the soil organic carbon in the
baseline and with cover crops is calculated. This result is divided by 20, which represents the period IPCC
(2019a) indicates is needed for the soil to reach the new equilibrium. Hence, the division depicts the annual
change in carbon in the soil in the transition stage (see chapter 3.5.6).

Nevertheless, winter cover crops are seeded only before the summer crop, which is one of four crops in the
rotation, the rest being winter crops. The IPCC (2019a) methodology does not provide data on how to
calculate changes in the carbon content of the soil when only a share of the rotation can be modified to
include cover crops. Hence, further assumptions are needed in this case. It can be inferred that the
additional biomass amounting to carbon sequestration is generated only in the year with the cover crop. In
the years without cover crops, the carbon content of the soil can be assumed to remain as in the baseline
scenario as no additional biomass is generated. Thus, a share of the carbon sequestered in the year with
the cover crops would be lost in the years without them, because the soil would receive comparatively less
biomass. Following IPCC’s methodology, a linear change of the carbon in the soil can be assumed. Hence, if
all else is held constant, the carbon sequestration potential with cover crops in the Typical Farm can be
inferred to be 25%, which represents the share of years in which the strategy is applicable. This assumption
is applied to the net carbon sequestration potential calculated with the formula in chapter 3.6.2.3,
indicating that the result from the formula is divided by four. It is recognized that this consideration relies
on a simplification of the soil carbon dynamics. However, in absence of crop and region-specific values, it is
deemed a proper approximation for this Typical Farm. The resulting annual GHG mitigation potential is
presented in Table 6.7. The coefficients used from IPCC (2019a) for the calculation of the carbon contents
are shown in Table A.15 in the Appendix.

Table 6.7 Soil organic carbon stocks and sequestration potential with cover crops over 20 years for
Typical Farm in Mecklenburg-Vorpommern.

. . . . Annual GHG
. Soil organic carbon Soil organic carbon . e
Scenario . . Difference mitigation
without cover crops with cover crops -
potential
(t COZeq/ha) (t COZeq/ha) (t COZeq/ha) (kg COZeq/ha)
Standard 216 240 24 297
Best case 216 264 48 598
Worst case 216 216 0 0

Note: to transform COxeq to C, the COy¢q value must be divided by 3.67.
Source: own estimation based on IPCC (2019a).

Total costs in transition stage from implementing the mitigation strategy

The costs in the transition stage from using cover crops after winter wheat in the Typical Farm are shown
in Table 6.8. There is no variation in the costs across categories, thus, only the Standard case is shown. Seed
costs increase by 18 USD/ha due to the additional purchase of the oat seeds. The expenditure on fertilizer
is reduced by 11 USD/ha as a result of the prevented leaching from cover crops. This reduction in nitrogen
losses lowers the urea rate in corn silage (16 kg N/ha).

Diesel and labor are increased by 6 and 3 USD/ha, respectively. This is the consequence of requiring an
additional pass with the disk harrow to cut and incorporate the residues from the cover crop. Machinery
costs - depreciation and repairs - are increased due to the purchase of the seed drill as well as the additional
pass with the disk harrow. The increase in this category is 7 USD/ha.

The categories of pesticides, liming, contractor and foregone revenue are not affected by the mitigation
strategy; thus, these have no changes.
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Using cover crops increases the cost in the Typical Farm by 24 USD/ha in the standard, best and worst cases
and this value is used to calculate the mitigation cost of the strategy.

Table 6.8 Wheat costs with cover crops in Typical Farm in Mecklenburg-Vorpommern in transition
stage (USD/ha)
. Standard case

Baseline

scenario Strategy Change
Seed 60 78 18
Fertilizer 207 196 -11
Diesel 87 94 6
Labor 80 83 3
Machinery 167 174 7
Remaining 227 227 0
Total 828 852 24

Source: own estimation.

Emissions per hectare in transition stage from implementing the mitigation strategy

Table 6.9 presents the changes in GHG emissions in the transition stage from using oats as cover crops. The
emissions in the standard, best and worst cases are the same in all categories except for land use.

The emissions from the category direct increase by 38 kg CO2eq/ha as a result of the additional biomass from
the cover crop. This biomass is decomposed in the soil and used as a substrate by soil microbes, which
release N,O as part of their metabolism. A minimal reduction is estimated for the emissions from indirect,
which includes leaching and volatilization of nitrogen. This decrease of 1 kg CO..q/ha also can be attributed
to the oat’s biomass, which increases the nitrogen the systems lose as N»O (direct emissions), implying that
less nitrogen is available to be volatilized and leached (see chapter 3.5.1.3). The emissions from diesel are
increased by 20 kg CO,eq/ha because of the additional tillage pass.

The category “land use” has negative emissions, depicting the carbon sequestration potential achieved from
the additional residues from the cover crop. This potential results in a reduction of 297 kg COzeq/ha in the
standard case and 597 kg COzeq/ha in the best case. In the worst case, IPCC coefficients indicate that no
carbon sequestration occurs. Nonetheless, the likelihood of that scenario has been already discussed and
can be considered low.

The category “prevented leaching” represents the decrease in GHG emissions stemming from the reduced
urea input assumed in corn silage, which is a result of seeding cover crops. The categories included in this
estimation represent the sum of direct, indirect, urea and manufacture emissions driven by the usage of
this fertilizer. The total reduction achieved is 212 kg CO2.q/ha in the three cases. It must be noted that this
reduction is enough to compensate for the increased emissions in the category “direct,” which are driven
by the biomass of the cover crop. Thus, even in the worst case of land use (no carbon sequestration occurs),
the strategy still results in a net emission reduction.

The emissions from urea and manufacture are included in the category “remaining,” as these are not
affected by the mitigation strategy.

The total reduction of GHG emissions from using cover crop is 451 kg COeq/ha in the standard case,
751 kg COzeq/ha in the best case and 154 kg COzeq/ha in the worst case. These values are used for the
calculation of the mitigation cost.
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Table 6.9 GHG emissions in winter wheat with cover crops for Typical Farm in
Mecklenburg-Vorpommern in transition stage (USD/ha)

. Standard case Best case Worst case

Baseline

scenario Strategy Change Strategy Change Strategy Change
Direct 1,858 1,896 38 1,896 38 1,896 38
Indirect 162 161 -1 161 -1 161 -1
Diesel 282 302 20 302 20 302 20
Land use 0 -297 -297 -597 -597 0 0
Prevented 0 212 212 212 212 212 212
leaching
Remaining 706 706 0 706 0 706 0
Total 3,007 2,556 -451 2,256 -751 2,853 -154

Source: own estimation.

Mitigation costs in transition stage

The costs to reduce GHG emissions in the transition stage (20 years) utilizing cover crops on the Typical
Farm are 52 USD/t COx¢q in the standard case, 31 USD/t COz¢q in the best case and 153 USD/t COz¢q in the
worst case. The considerations of this mitigation strategy are presented at the end of this assessment.

Total costs in stable stage from implementing the mitigation strategy

Since the carbon sequestered in the soil can be released as emissions if the input of biomass is reduced, the
Typical Farm must continue to seed the cover crop after the transition stage. No changes in the costs are
assumed between the stages as the same practices are used. Hence, the same costs from the transition
stage are assumed for the stable stage, which are presented in Table 6.8. Using cover crops in the Typical
Farm in the stable stage implies an increase in costs of 24 USD/ha in the standard, best and worst cases.

Emissions per hectare in stable stage from implementing the mitigation strategy

The emissions in the stable stage in all categories are the same as in the transition stage (see Table 6.9),
except for land use. The sequestration of carbon depicted in this category is assumed to be completely
realized in the stable stage. Consequently, this value becomes zero, implying that no further net change
takes place. Moreover, since this was the only emission category with different values in the three cases,
the change in emissions in the standard, best and worst cases in the stable stage become equal. The
estimated reduction in these cases is a net reduction of 154 kg CO2.q/ha. Consequently, using cover crops
on the Typical Farm still amounts to a reduction in emissions in the stable stage, although at a significantly
lower magnitude than during the transition stage.

Mitigation costs in stable stage and considerations on the adoption of the strategy

The use of oats as cover crops in the stable stage implies a GHG mitigation cost of 153 USD/t COx¢q in the
three cases, as the assumptions among them do not change. The increase in costs compared with the
transition stage is the result of the carbon sequestration potential being fulfilled.

The considerations on monitoring this type of strategy have already been covered in chapter 4.5.4 for the
case study of the Typical Farm in lowa. A significant difference compared with that case is that the policing
and reporting systems regarding the usage of cover crop already are used in the current version of the CAP.
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Hence, it can be assumed that low or no additional costs would be perceived by the controlling entity, as
the same systems could be used and only their maintenance must be financed, which would occur even in
absence of the mitigation strategy.

6.6 Combination of strategies (DE-C)

The approach to assess the implications of combining the mitigation strategies for the Typical Farm has
been already discussed for the case study in lowa (Chapter 4.6). The evaluation for
Mecklenburg-Vorpommern follows the same principles utilizing the baseline scenario (DE-0) for the
comparison. Hence, the possible interactions between the individual strategies must be addressed to
determine limitations in the production of winter wheat with the combined strategies.

Regarding the optimization of the nitrogen rate in winter wheat (DE-1), no alteration in the operations, soil
or residue management in the Typical Farm is assumed. The only additional task is the utilization of a drone
to sense the nitrogen content before the last pass to apply UAN, which is conducted by a contractor. The
use of oats as cover crops (DE-2) does entail changes to the equipment and an additional operation, but
these occur after the harvest of winter wheat. Similarly, the volume of crop residues increases because of
the oats, yet this does not affect corn silage yields, as discussed in the previous chapter. Consequently, no
interactions generating competition for machinery or labor, or limitations affecting soil and residue
management, are generated by combining the strategies

The costs and emission reductions from the combination of strategies are evaluated in the following chapter
utilizing the same considerations discussed in the lowa case study. Only the possible interactions between
individual elements of the strategies are evaluated. Assumptions from the individual strategies not
presented in this assessment are presumed to be unchanged. The standard and best cases of each strategy
are matched with the corresponding case of the other strategy to establish the cases in the combination.
Nevertheless, the worst case in the combination is omitted since this case is calculated for only one strategy.
Thus, the worst case in the combination would equal the worst case of the cover crop mitigation strategy
(DE-2).

Costs and mitigation potential of optimization of nitrogen rate and cover crops combined

The combination of strategies reduces emissions by lowering the nitrogen input as well as by promoting
carbon sequestration. Since this potential is limited in time, the costs and mitigation of this strategy are
divided into a transition and a stable stage.

The optimization of nitrogen rate (DE-1) in winter wheat is the only one of the two strategies that reduces
the input of nitrogen (UAN) in this crop. Thus, the fertilizer reductions assumed in that strategy are adopted
for the combination without adjustments (see Table 6.4). Moreover, the trials from LfL (2001) indicate that
the nitrogen available after winter wheat likely would not be affected by the decreased UAN rate, as
explained in chapter 6.5.2. Therefore, the potential nitrogen that oats can absorb, thereby preventing
leaching, can be assumed to be unaffected by the decrease in the UAN rate. Consequently, the same
reduction in the urea rate in corn silage is assumed (16 kg N/ha), implying the same savings in emissions
and costs.

Cover crops are the only strategy that promotes carbon sequestration. Hence, the sequestration potential
of the individual strategy (see Table 6.7) is utilized for the combination. As with the single strategy, based
on IPCC (2019a), the initial 20 years denote the interval with carbon sequestration; i.e., a net increase of
soil organic carbon. In contrast, the stable stage portrays the soil in its steady state, meaning no net change
in soil carbon.
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Considering that no interactions take place and the changes of the individual strategies are added without
adjustments, the combination in this Typical Farm can be interpreted as the weighted average of all the
strategies assessed.

Total costs in transition stage from implementing the mitigation strategy

The costs in the transition stage for the Typical Farm from combining the optimized nitrogen rate and oats
as cover crops are presented in Table 6.10. In all the cost categories, the best and standard cases have the
same change. The only distinction is the expenditure on fertilizer.

Seed costs are increased by 18 USD/ha from the additional oat seeds used to establish the cover crop.
Fertilizer costs have a net reduction of 14 USD/ha in the standard case and of 22 USD/ha in the best case.
This change is the sum of the reduction of UAN derived from nitrogen optimization in wheat and the
reduction in urea from the prevented leaching. However, the variation between the cases is attributed only
to the differing decreases assumed for UAN, as prevented leaching is assumed identical in both cases.

Diesel and labor are increased in total by 10 USD/ha due to an additional pass with the disk harrow to
incorporate the oat residues into the soil. The cost of depreciation and repairs, depicted by the category
“machinery,” increase by 7 USD/ha because of this additional pass as well as by the purchase of the seed
drill mounted on the cultivator. The cost of the contractor increases by 28 USD/ha because a drone is used
before the last application of fertilizer.

The category “remaining” includes the costs of liming and pesticides, which are not affected by the
combination of strategies.

The resulting change in costs from using the combination of strategies is an increase of 49 USD/ha in the
standard case and 41 USD/ha in the best case. These are used to calculate the mitigation cost in the
transition stage.

Table 6.10 Wheat costs with combination of strategies for Typical Farm in
Mecklenburg-Vorpommern in transition stage (USD/ha)

Baseline Standard case Best case

scenario Strategy Change Strategy Change
Seed 60 78 18 78 18
Fertilizer 207 193 -14 185 -22
Diesel 87 94 6 94 6
Labor 80 83 3 83 3
Machinery 167 174 7 174 7
Contractor 0 28 28 28 28
Remaining 227 227 0 227 0
Total 828 878 49 869 41
Seed 60 78 18 78 18
Fertilizer 207 193 -14 185 -22

Source: own estimation.
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Emissions per hectare in transition stage from implementing the mitigation strategy

The GHG emissions from winter wheat during the initial 20 years of combining the mitigation strategies are
presented in Table 6.11.

The emissions from direct are lowered by the reduced UAN rate but are increased by the additional biomass
from the cover crop. In the standard case, the decrease in UAN is not enough to compensate for the
emissions from the cover crops and direct emissions increase by a 12 kg CO2.q/ha. On the contrary, in the
best case, which assumes the highest UAN reduction, the net change in this category is a reduction of
71 kg CO2q/ha, indicating that the UAN emissions savings are higher than the release driven by the biomass.
Indirect emissions are decreased by 19 kg COzeq/ha and 79 kg CO2eq/ha in the standard and best cases. The
difference can be attributed mainly to the decrease in the UAN rate.

The negative emissions from prevented leaching depict the decrease provided by the reduced urea rate in
corn silage. This equals a reduction of 212 kg CO.eq/ha in both cases, which entails the prevented direct,
indirect and urea emissions triggered by this fertilizer application as well as the carbon footprint from its
manufacture.

The CO; emissions released from the chemical structure of UAN are lowered due to the reduced rate. The
net change is a reduction of 3 kg COzeq/ha in the standard case and 12 kg COzeq/ha in the best case.

The emissions from the manufacture of fertilizer used in wheat are lowered by 9 kg COzeq/ha in the standard
case and by 40 kg COzeq/ha in the best case. The variation is explained by the difference reduction potentials
in the UAN rate resulting from the optimized nitrogen rate. The emissions from diesel increase by
20 kg COzeq/ha as a result of the additional tillage pass required for the incorporation of the crop residues.
Land use emissions, representing the carbon sequestration potential of the soil, decrease by
297 kg COzeq/ha in the standard case and of 597 kg CO2eq/ha in the best case.

The GHG mitigation in the transition stage of the combination of strategies on the Typical Farm is a net
reduction of 507 kg CO2eq/ha in the standard case and of 990 kg CO.eq/ha in the best case. These values are
used to calculate the mitigation cost in this stage.

Table 6.11 GHG emissions in winter wheat with combination of strategies for Typical Farm in
Mecklenburg-Vorpommern in transition stage (kg CO2eq/ha)

. Standard case Best case

Baseline

scenario Strategy Change Strategy Change
Direct 1,858 1,870 12 1,787 -71
Indirect 162 142 -19 82 -79
Prevented 0 212 212 212 212
leaching
Urea 235 232 -3 224 -12
Manufacture 471 461 -9 430 -40
Diesel 282 302 20 302 20
Land use 0 -297 -297 -597 -597
Total 3,007 2,499 -507 2,017 -990

Source: own estimation.
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Mitigation costs in transition stage

The 20-year transition stage of the combination of strategies offers a mitigation cost of 97 USD/t COz¢q in
the standard case and 41 USD/t COx¢qin the best case.

Total costs in stable stage from implementing the mitigation strategy

The same practice changes in winter wheat explained for the transition stage are assumed for the stable
due to the reversibility of the carbon captured in the soil. Therefore, the same cost differences are
calculated for the stable stage (see Table 6.10).

The total cost change in the standard case is a net increase of 49 USD/ha in the standard case and of
41 USD/ha in the best case. These are used to calculate the mitigation cost in the stable stage.

Emissions per hectare in stable stage from implementing the mitigation strategy

The stable stage signifies that the soil organic carbon has reached a new balance and there is no net change
in its content. As a result, the carbon sequestration potential becomes zero depicted in land use, which is
the only difference in the emissions compared with the transition stage. All the remaining categories have
the same values as shown in Table 6.11 as well as the same explanations. The GHG emissions reductions in
the stable stage are 210 kg COzeq/ha in the standard case and 393 kg CO2.q/ha in the best case.

Mitigation costs in stable stage and considerations on the adoption of the strategy

In the stable stage, the mitigation costs with the combination of strategies are 235 USD/t COzq in the
standard case and 105 USD/t COeq in the best case scenario.

Monitoring and policing the combination of strategies on this Typical Farm could be accomplished using the
existing reporting system for the BMEL (2021a) and CAP payments, as discussed in the assessment of the
individual strategies. Arguably, the transaction costs in the combination would be equal to the sum of the
transaction costs of the individual strategies, as no changes would be expected.

6.7 Policy advice: ranking of GHG mitigation strategies

Table 6.12 presents the mitigation cost of the strategies evaluated for the Typical Farm in
Mecklenburg-Vorpommern. To facilitate the comparison between strategies, a weighted average of 100
years between the transition and stable stages is calculated, as previously explained in chapter 4.7. The
worst case is omitted from this comparison because it applies to only one strategy. The ranking is based on
the mitigation cost calculated for each strategy using the time perspectives presented in chapter 3.8. It is
recommended that policymakers utilize the ranking of strategies in the short-term perspective because of
the urgency to achieve the goals in the Paris Agreement by 2050 (see chapter 2.6).
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Table 6.12 Comparison of costs in the standard and best cases on average for Typical Farm in
Mecklenburg-Vorpommern (USD/t CO2¢q)

Strategy Code Standard case Best case
Optimization of nitrogen rate DE-1 460 73
Cover crops DE-2
Transition stage (short-term) 52 31
Stable stage 153 153
100-year average (long-term) 110 86
Combination DE-C
Transition stage (short-term) 97 41
Stable stage 235 105
100-year average (long-term) 183 80

Source: own estimation.

In the standard cases in the short term (transition stage), cover cropping offers the lowest mitigation cost
of the strategies evaluated (52 USD/t COa¢q), followed by the combination of strategies (97 USD/t COzeq)
and, last, the optimization of the nitrogen rate (460 USD/t CO3¢q). The same ranking is valid in the long-term
perspective (100-year average), with the corresponding costs being 110 USD/t COxzeq, 183 USD/t CO2¢q, and
460 USD/t CO2q, respectively.

Moreover, the same holds true in the short term assuming the best case. Reducing a ton of CO,, in this case,
costs 31 USD/t CO2eq With cover crops, 41 USD/t COzeq With the combination and 73 USD/t COeq With the
optimization of the nitrogen rate. However, this ranking is reversed when the long-term best case is
assumed. In this case, the mitigation cost is the lowest with the optimized nitrogen rate at 73 USD/t CO2¢q.
The cost with the combination is 80 USD/t CO2eq and, finally, the costliest strategy is cover cropping with
86 USD/t COzeq.

Taking into account the need to quickly abate emissions to reduce the effects of climate change, utilizing
cover crops can be considered as the advisable strategy from a cost-efficiency viewpoint. This strategy is
the preferred alternative in the short term in the standard and best cases.

6.8 Summary and main findings

The case study of the Typical Farm in Mecklenburg-Vorpommern comprises two mitigation strategies
focused on winter wheat production and their combination.

(1) Inthe baseline scenario, the Typical Farm has three passes to apply nitrogen in winter wheat. The NUE
is increased by adjusting the fertilizer rate in the last application. However, a contractor is hired to
measure nitrogen content before the application to adjust the rate if necessary and lower the risk of
reducing the yield. The worst case is omitted as the NUE in the baseline already is higher than the
optimum NUE assumed.

(2) According to the new CAP 2023, winter cover crops may be one of the mandatory alternatives to
protect the soil from erosion. Oats can be used as cover crops after the harvest of winter wheat and
before corn silage. This promotes carbon sequestration and prevents NOs leaching, which enables a
reduction in the urea rate in corn. New equipment and further tillage operations are required, but this
strategy offers the most economical mitigation cost.
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(3) The combination of strategies is considered feasible without limitations or further adjustments. Thus,
the individual strategies can be implemented without further considerations. As a result, the
mitigation cost is the second lowest in the short- and long-term perspective.

It can be argued that cover crops are the best alternative in the short run, as they offer the lowest mitigation
cost in the standard and best cases.
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7 Comparison across Typical Farms

In this chapter, the mitigation costs and potentials calculated in the Typical Farms are compared. This
comparison is divided according to the two time horizons considered in this thesis: short-term and
long-term. As previously explained, despite the results from this thesis portraying only the farm level, the
comparison can be used to generate additional advice for policymakers, as strategies from different Typical
Farms can present similarities. Likewise, the comparison can be used to prioritize the need for further
research to expand on the findings and analysis from this thesis. Thus, similar advice or solutions could be
implemented in two or more Typical Farms with strategies with shared characteristics, indicating the
possibility to cooperate. Afterwards, a comparison of the framework conditions in which the Typical Farms
operate and how these could affect the implementation of the strategies is presented.

An overall finding from the case studies is that all the Typical Farms offer different numbers of feasible
mitigation strategies. Four individual mitigation strategies are implementable in the lowa Typical Farm,
while three are possible in Parana. Lastly, in Mecklenburg-Vorpommern, only two strategies are feasible.
Additionally, in each Typical Farm, combining the strategies was feasible.

7.1 Mitigation potentials and costs

The first comparison in this chapter is the mitigation potential and corresponding mitigation costs from the
three Typical Farms evaluated in the case studies. The individual strategies are compared first, including the
description of differences and similarities across Typical Farms and mitigation strategies. The strategies are
not ranked again, as this has already been done for each case study. The comparison is conducted for the
combination of strategies as well.

Following the explanation in chapter 2.6 on the need for varying time horizons to provide advice to
policymakers, the comparison is divided into short-term and long-term. The short-term perspective
presents the strategies during the 20-year transition stage in which carbon is sequestered and the long-term
perspective depicts the 100-year weighted average (see chapter 3.8). In each case, the first comparison is
the mitigation potentials of the individual strategies, followed by the mitigation costs. The considerations
valid in both perspectives are presented in the short term but are not repeated in the long term. It must be
noted that none of the strategies in Parana promote carbon sequestration; these are the same regardless
of the time perspective considered.

A distinction is made for the Typical Farm in lowa. In the case of the strategies that are implemented in corn
and in soybeans, which are the reduction of tillage intensity (US-2) and cover crops (US-3), the average
hectare was assumed as 50% corn and 50% soybean instead of only corn in the comparison, as already
explained in chapter 4.7 for the definition of the ranking of strategies.

Carbon price as reference for competitiveness

Additionally, a reference carbon price is used to determine the competitiveness of the strategy’s mitigation
cost. This reference is the carbon certificate price (or carbon price), which depicts the economic cost an
emitter must pay for the GHG emissions released. This price is derived from carbon markets, which operate
on a cap-and-trade basis. In this system, an authority establishes a limited volume of emissions that can be
released per year by a market or economic sector. These total emissions are divided into certificates
representing a volume of emissions; e.g., one ton of CO,. These certificates are allocated to the participants
of the market that are obliged to have sufficient certificates to cover their total GHG emissions. The
participants can trade the carbon certificates in the market. The carbon market encourages the adoption of
GHG mitigation strategies, as long as these offer a lower mitigation cost than the carbon price.
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This thesis takes place in the context of a research project in Germany, which participates in the European
Emission Trading Scheme. This carbon market is among the first and largest in the world. However, as with
most other carbon markets in the world, the agricultural sector is not mandated to participate in it (World
Bank, 2022). Nonetheless, the carbon price from this market is used as a reference for this study. In this
regard, the carbon price trend is assumed to be approaching 100 USD/t COzeq (World Bank, 2022).
Moreover, this carbon price is also usually utilized in scientific literature, such as in the works by Smith et
al. (2008), Pellerin et al. (2017) and IPCC (2014). Consequently, strategies with farm-level mitigation costs
lower than this value are deemed competitive.

7.1.1 Short-term perspective

Mitigation potential of individual strategies

Figure 7.1 presents the mitigation potential calculated in the standard, best and worst cases of all the
individual strategies assessed. The blue bar represents the total mitigation potential in the standard case
as calculated in each strategy. This mitigation potential is divided into “Mitigation (no Land Use)” and “Land
Use.” The latter depicts the emission category with the same name and portrays the mitigation via carbon
sequestration. This is presented separately to denote the share of this source of GHG reduction and
relevance compared with strategies without it. The upper point in the chart depicts the best case and the
lower point, the worst case.

Overall, the Typical Farm in lowa offers the strategies with the highest mitigation potentials and Parana the
lowest. Moreover, there is a large variation in the mitigation potentials calculated in the case studies. This
holds for the comparison within each Typical Farm as well as across them. To illustrate, the difference
between the strategies with the highest and the lowest mitigation potential in the standard cases - i.e.,
cover crops in lowa (US-3) and nitrogen efficiency in Mecklenburg-Vorpommern (DE-1) - is over
1,000 kg CO2eq/ha.

Moreover, the potential from the same type of strategy can differ considerably. For instance, the
optimization of the nitrogen rate in the Brazilian case study (BR-1) and in lowa (US-1) are comparable, but
these are five times larger than that for the German farm (DE-1). In principle, this difference indicates that
the efficiency of nitrogen fertilization is comparatively the highest for the German Typical Farm in the
baseline, as the emissions savings are the lowest. This high fertilizer efficiency in Germany can be attributed
to the Fertilizer Directive (DiiV), which determines the nitrogen rates that can be applied. Thus, taking into
consideration only the mitigation potentials, this directive could be utilized as an example by policymakers
to design similar policies for Brazil and the United States.

Reducing the tillage intensity offers the second-highest mitigation potential in lowa (US-2), which is largely
due to carbon sequestration. This is the only Typical Farm where this strategy can be implemented. The
mitigation potential of cover crops can be significant, but it is not always the case. This strategy entails two
mitigation approaches, the sequestration of carbon and the reduction of the nitrogen fertilizer. The
reduction in the fertilizer rate occurs from nitrogen fixation and the prevention of leaching. The average
hectare calculated for the lowa Typical Farm (US-3) abates emissions with both approaches and has the
highest mitigation potential of all the strategies assessed. Cover crops in Mecklenburg-Vorpommern (DE-2)
reduce emissions by preventing nitrogen leaching and promoting carbon sequestration, yet this potential
is only partly achieved due to limitations in the crop rotation, as the cover crop can only be grown in one of
four seasons. The worst cases of cover crops in Germany and the USA have a noticeably low potential from
the assumption that no carbon is sequestered, as already discussed in the respective chapters. Cover crops
have been a common practice in Parana (BR-2). Thus, the carbon sequestration potential is completed, and
the strategy only lowers emissions by nitrogen fixation from legumes. The variation between the worst and
best cases in Parana is the lowest compared with the same practice in the other regions.
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In general, strategies promoting carbon sequestration (US-2, US-3, and DE-2) have a markedly larger
abatement potential compared with strategies that focus on decreasing nitrogen-driven emissions. This can
be beneficial to attain a quick reduction of GHG emissions.

However, there is a significant variation between the best and worst cases in these three strategies
compared with strategies only abating nitrogen emissions. The variation must be considered by
policymakers because, while these three strategies may pose the largest mitigation potentials, it could be
considered as unclear. While it is recognized that the methodology used to calculate carbon sequestration
is not region-specific, which can partly explain these variations, there is an overall need to further research
soil carbon dynamics to increase the accuracy of these calculations, which would also facilitate providing
political advice (Amelung et al., 2020).

Enhanced-efficiency fertilizer (or inhibitors) in lowa (US-4) has a mitigation potential of 150 kg CO2eq/ha.
This is almost twice as high as in Parana (BR-3). This mitigation strategy in Brazil offers among the lowest
abatement potentials from all the strategies studied. Still, in both cases, the strategy has a comparatively
low variation among cases. Thus, despite the low mitigation potential, policymakers could perceive this
strategy as a comparatively reliable approach to abate emissions.

Figure 7.1 Comparison of short-term mitigation potential for all Typical Farms
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Source: own estimation.

Mitigation cost of individual strategies

Figure 7.2 presents the mitigation costs from all the mitigation strategies. The green bar presents the costs
in the standard case; the bottom point of the line represents the costs in the best case; and the upper point,
the worst case. The dashed red line represents the reference carbon price of 100 USD/t COzeq previously
explained.

As with the mitigation potential, the mitigation costs vary substantially, ranging from -16 USD/t COz¢q to
460 USD/t CO2¢q for the standard cases. The optimization of the nitrogen rate has negative mitigation costs
(win-win scenario) in lowa (US-1) and Parana (BR-1). Together, these strategies represent the two most
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cost-efficient strategies in the standard case. However, in the worst case, they no longer are win-win
scenarios. In contrast, in Mecklenburg-Vorpommern (DE-1), the strategy has the highest cost of all
strategies evaluated, regardless of the case. As previously mentioned, this disparity could be attributed to
the German Fertilizer Directive, as the mitigation potential in Mecklenburg-Vorpommern is comparatively
low because of the policies already implemented. Based on these findings, it could be argued that
policymakers in Parand and lowa should consider prioritizing programs aimed at increasing nitrogen
efficiency. Despite the comparatively low mitigation potential compared with strategies promoting carbon
sequestration, the negative costs indicate that the strategy not only is competitive, but its adoption could
be facilitated because of the improvement in the economic performance. The mitigation costs in the
German Typical Farm are markedly high; thus, in the economic sense, policies aiming to further reduce the
fertilizer rate to lower emissions in this case would not be recommended. The transaction costs from
monitoring this strategy could be considerable, as it is likely that farm visits are required to control the
adoption of the strategy. Still, it can be expected that developments in satellite imagery makes the
monitoring of the adoption of this strategy via remote sensing considerably cheaper.

Reducing tillage intensity is the second cheapest scenario in the standard case in lowa. Cover crops in the
three farms offer a relatively similar mitigation cost, ranging from 50 to 70 USD/t CO2¢q. This occurs despite
the considerable differences in the mitigation potential previously shown. However, the variation between
the standard, best and worst cases is considerable. In the lowa Typical Farm (US-3), the range is from
42 USD/t COz¢q in the best case to 2,025 USD/t CO,¢q in the worst case. The high mitigation cost in the worst
case is principally the result of the assumption of cover crops not sequestering carbon, as discussed in the
respective assessment. Nonetheless, assuming the standard cases, the mitigation costs of these strategies
could be considered competitive compared with the reference carbon price of 100 USD/t COzeq.

It must be noted that despite the comparably cheap mitigation potential of the strategies with carbon
sequestration - i.e., tillage intensity in lowa and cover crops in lowa and Mecklenburg-Vorpommern -
because of the uncertainties entailed in its estimation, portrayed by the variation between best and worst
cases, their prioritization in policymaking should be critically evaluated (see previous section). For instance,
further research to develop more accurate and region-specific models would help reduce the variation of
the estimation, which, in turn, would support the definition of the ranking to provide advice to
decisionmakers. Better estimations could reveal that the economics of strategies become considerably
different, changing priorities of strategies. It could be expected that the transaction costs entailed in
monitoring the adoption of the reduction of the tillage intensity and cover crops are comparatively low, as
satellite imagery could be used, eliminating the need to visit the farm or conduct soil sampling. An exception
in this regard is the monitoring of cover crops in Parana. In this typical farm, a legume is added to the
preexisting cover crop, implying that a mixture is used instead of a single plant species. Monitoring the
adoption of the mixture would likely imply farm visits, as remote sensing is not always capable of
differentiating between species. Thus, transaction costs could become significant. Nonetheless,
improvements in this technology may make remote sensing a feasible alternative in the future, which would
lower these costs.

Enhanced-efficiency fertilizers offer rather dissimilar mitigation costs in lowa (US-4) and Parana (BR-3). The
costs are approximately 100 and 134 USD/t CO..q, respectively. The range between the best and worst
cases in both Typical Farms is minimal. Nonetheless, the mitigation cost in lowa is approximately the same
as the reference carbon price. Thus, it could be considered competitive but there would not be any
economic advantage from adopting it. Still, this strategy can be considered simple to adopt at the farm level
and could be easily enforced; e.g., selling the fertilizers already mixed for the inhibitors, which would imply
partly very low transaction costs. Moreover, in lowa, the strategy shows low variation among the cases.
Hence, while the farm-level mitigation cost may be the highest of all the strategies assessed in that Typical
Farm, the ease of adoption and enforcement imply that this mitigation strategy potentially has other
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advantages. Arguably, the same could be concluded for Parang, although the mitigation cost at farm-level
is higher.

Overall, the Typical Farm in lowa offers the most strategies with competitive GHG mitigation costs.
Moreover, comparing the same mitigation strategy across the Typical Farms reveals that lowa offers the
lowest mitigation cost in all the mitigation alternatives assuming the standard case. The second cheapest
mitigation potential can be achieved in the Parand Typical Farm, although some strategies pose mitigation
costs higher than the reference carbon price. In the case of Mecklenburg, only cover crops could be
considered a competitive mitigation strategy. Contrary to the mitigation potentials, there is no clear trend
between the source of mitigation (nitrogen-driven or carbon sequestration) and the costs calculated in each
case study.

Figure 7.2 Comparison of short-term mitigation costs for Typical Farms
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Mitigation potential in combination of strategies

Figure 7.3 presents the mitigation potential of the combination of strategies in each case study. The
combined mitigation potentials in the Brazilian and German farms are similar in magnitude. In comparison,
the lowa Typical Farm has the largest mitigation potential of all the case studies, which is approximately
four times larger than the other case studies. This can be attributed to two factors. The first is that the lowa
Typical Farm has the highest number of strategies that can be implemented simultaneously (four). The
second is that two of the strategies promote carbon sequestration, which, as previously presented, offers
a significantly larger abatement potential. However, the variation between the best and worst cases also is
the highest in the lowa Typical Farm. In this regard, the variation in the remaining two is deemed similar.
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Figure 7.3 Comparison of short-term mitigation potential from combination of strategies for Typical
Farms
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Mitigation costs in combination of strategies

The mitigation costs from the combination of strategies in the Typical Farms are presented in Figure 7.4.
The mitigation cost in Parand and lowa are similar, although the variation between the best and worst cases
in lowa is considerably larger. The mitigation cost in the German case study is approximately twice as high
in the standard case. Nonetheless, the mitigation costs of the combination of strategies in all the Typical
Farms could be considered competitive for the standard case.

Figure 7.4 Comparison of short-term mitigation costs from combination of strategies for Typical
Farms
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7.1.2 Long-term perspective

Mitigation potential of individual strategies

The long-term mitigation potentials for each Typical Farm are presented in Figure 7.5. The strategies that
do not have carbon sequestration have the same mitigation potential and costs in the short- and long-term
perspectives. These are not discussed again but are still presented to compare them with the strategies that
entail carbon sequestration as these differ based on the time perspective. The strategies with carbon
sequestration are the reduction of the tillage intensity and cover crops in lowa (US-2 and US-3) and cover
crops in Mecklenburg-Vorpommern (DE-2). Overall, in the long-term perspective, the variation of the
mitigation potentials across the strategies is reduced compared with the short-term, but it is still significant.

The mitigation potential from transitioning to no-till (US-2) is distinctly lower in the long term than in the
short term. This strategy’s mitigation potential, in general, is comparable to some nitrogen-based
strategies. Furthermore, it is less efficient than some of them;, e.g., the optimization of nitrogen efficiency
in Brazil (BR-1). The mitigation via cover crops in the three farms is comparable in the long-term perspective.
Thus, the contribution of the carbon sequestration to the overall mitigation of the strategy no longer is as
substantial as in the short- erm. Cover crops in Parana rely only on a reduced input of synthetic fertilizer
resulting from nitrogen fixation to abate emissions. Still, this strategy in Parana has a higher mitigation
potential than in the German Typical Farm, which sequesters carbon. Nonetheless, the difference could be
regarded as small. The variation between the best and worst cases is similar in the German and Brazilian
Typical Farms, which could be regarded as low compared with the lowa case study.

Overall, the strategies in the long-term perspective can be divided into two segments based on their
mitigation potential. The first is composed of the strategies lowering emissions from 50 to 150 kg COq/ha,
which includes strategies such as nitrogen optimization rate in lowa (US-1) and Mecklenburg-Vorpommern
(DE-1) and the enhanced-efficiency fertilizers (US-4 and BR-3). The second segment is the strategy abating
emissions in the range of 200 to 300 kg CO,eq/ha. Cover crops in all three case studies are in this range as
well as the optimization of nitrogen rate in Parana (BR-1). Thus, the strategies promoting carbon
sequestration are not necessarily the only strategies offering a high mitigation potential compared with
nitrogen-driven reductions, as was the case in the short-term. Moreover, the three Typical Farms have at
least one mitigation strategy in each of these segments. Thus, unlike in the short-term where the lowa farm
offered a notably larger mitigation potential, all the Typical Farms have at least one strategy with a
comparatively high mitigation potential. Hence, without accounting for costs, the evaluation of possible
policies in this time perspective could not prioritize any specific type of strategy or source of mitigation
potential equally across all Typical Farms.
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Figure 7.5 Comparison of long-term mitigation potential for Typical Farms
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Mitigation cost of individual strategies

The mitigation costs in the long-term perspective are presented in Figure 7.6. As with mitigation potential,
all the results are presented, although only the strategies that promote carbon sequestration differ
compared with the short term.

Considering all the strategies assessed, the variation across the mitigation costs in the standard cases is
significant. This ranges from -177 USD/t COzeq to 460 USD/t CO2¢q.This also holds true for the variation of
the worst and best cases of each strategy.

Contrary to the short-term perspective, in the long term, the reduction of tillage intensity (US-2) has a
negative mitigation cost, but it also has the largest variation among all strategies. However, it must be noted
that this strategy, as presented in the chart, must be interpreted differently. In the previous charts
comparing mitigation costs, the bottom point depicted the best case and the upper one the worst case.
However, due to how the mitigation costs are calculated (see chapter 3.7), the interpretation, in this case,
is the opposite. This happens because both cases (best and worst) result in the same negative cost per
hectare (numerator), but the mitigation potential in the worst case is smaller (denominator). Consequently,
the result of the division in the worst case generates a greater mitigation cost than in the best case. This
means that for this strategy, the bottom point, which, in this case, is not shown but has a value
of -564 USD/t CO4eq, presents the worst case, and the upper point (-177 USD/t COzq), the best case. For
policymakers in lowa, this implies that policies aimed at promoting no-till should be prioritized over
increased of the optimization of the nitrogen fertilizer rate (US-1). Still, given the unclarities on the
calculation of the soil carbon sequestration and the transitory yield penalty explained in the strategy (see
chapter 4.5.3), focusing on no-till as a policy would imply additional challenges beyond the farm-level
mitigation cost.

Cover cropsin Parana (BR-2) in the standard case are the cheapest not win-win scenario of all the strategies.
This is the only Typical Farm in which this strategy can be considered competitive in the long term, unlike
in the short-term which was competitive for all three Typical Farms. Mitigation costs with cover crops in the
Mecklenburg-Vorpommern Typical Farm and lowa are markedly higher. As opposed to the short-term
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perspective, in the cases of lowa and Mecklenburg-Vorpommern, this strategy no longer would have such
a high priority to be promoted as policy based on the farm-mitigation cost. While, in the short-term, the
uncertainties of the carbon sequestration potential could be perceived as balanced with the low cost in the
standard case, this cost advantage is absent in the long term. Thus, strategies enforcing the adoption of
enhanced fertilizers (inhibitors) can be considered as better policies than cover crops because of the low
variation between the best and worst cases and, in lowa, also lower costs.

Arguably, none of the strategies that differ in the long-term compared with short-term present a general
trend regarding mitigation costs. In the long-term perspective, the strategies present considerable
differences between the cheapest and costliest mitigation strategies. Similarly, no relationship between
mitigation cost and source of mitigation (nitrogen-driven or carbon sequestration) can be derived for the
long term. Nonetheless, the lowa Typical Farm can still be deemed to offer the lowest mitigation costs, as
it has two of the three cheapest mitigation strategies.

Figure 7.6 Comparison of long-term mitigation costs for Typical Farms
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Mitigation potential in combination of strategies

The mitigation potential in the combination of strategies in the long term is shown in Figure 7.7. The
potential in the Typical Farm in lowa and Parana could be regarded as similar, especially if compared with
the Mecklenburg-Vorpommern case. On average, this Typical Farm offers a potential only half as large as in
lowa or Paran3, if the standard cases are assumed. However, assuming the best case of each Typical Farm
indicates that the lowa Typical Farm has the largest potential, followed by Parand and, lastly,
Mecklenburg-Vorpommern. Thus, the results vary considerably based on the case assumed. Nonetheless,
as in the short-term perspective, the variation between worst and best cases in lowa is the largest.

As previously discussed, in the short-term perspective, the lowa case has the highest combined mitigation
potential, which resulted from having two strategies promoting carbon sequestration. Since carbon
sequestration occurs in only 20 of the 100 years used in the weighted average for the long term, this
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potential is spread. Thus, the total potential becomes similar to the Brazilian case, which relies only on
nitrogen-driven GHG mitigation.

Figure 7.7 Comparison of long-term mitigation potential from combination of strategies across
Typical Farms
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*Note: The potential in the worst case is omitted from the analysis, as it is not possible to calculate it. This mitigation potential
is displayed as equal to the standard case.
Source: own estimation.

Mitigation costs in combination of strategies

The mitigation cost of the combination of strategies in the long-term perspective is presented in Figure 7.8.
Assuming the standard case, the mitigation costs for the Typical Farm in Parana are the lowest, followed by
lowa. The costs in Mecklenburg-Vorpommern are the highest and is the only Typical Farm where the
combination of strategies is not competitive in the long term, unless the best case is considered.

Figure 7.8 Comparison of long-term mitigation costs from combination of strategies across Typical
Farms
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*Note: The cost in the worst case is omitted from the analysis, but it is displayed as equal to the standard case.
Source: own estimation.
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7.2 Framework conditions for adoption and implementation of the strategies

Table 7.1 presents a summary of considerations on the context in which the mitigation strategies would be
adopted in the Typical Farms. These are based on the comments by the participants from the focus group
and the literature evaluated in the assessment of the individual strategies. It must be noted that this
comparison is based on the framework conditions that decision-makers would need to consider for the
implementation of the mitigation policies in the region. Therefore, aspects such as the uncertainties
concerning soil carbon dynamics are not presented, as these elements are deemed intrinsic to the strategy
and do not depend on the specific context in which the Typical Farm operates.

Table 7.1 Considerations on the adoption of the strategies and the regional institutional context
Supporting institutions Distribution of subsidies -
. . . Enforcement, policing and
Typical Farm (knowledge and technical and economic support for o .
) monitoring of strategies
advisory) grower
Systems for the
L o Currently only conducted
distribution of subsidies .
. . ) for subsidized cover crops;
Extension services already exist for cover ) )
) i expansion to monitor
lowa (university and from state  crops but the system must . .
N . ) remaining strategies is
institutions); cooperatives  be expanded if further .
T - necessary (medium
mitigation policies are .
. transaction costs)
established
No systems in place (high No systems in place (high
Parana Cooperatives transaction costs from transaction costs from
their implementation) their implementation)
Reporting system for
Systems for the growers already exists for
Mecklenb Extension services (state distribution of subsidies the CAP and Fertilizer
ecklenburg-  Ex i Vi
& o (CAP) already exist for Directive, although
Vorpommern  institutions)

most elements in the
strategies

adjustments may be
necessary (low transaction
costs)

Source: own estimation.

It could be argued that the transaction costs resulting from the implementation of the mitigation policies
would be the lowest in Mecklenburg-Vorpommern. Due to the current regulations - i.e., Fertilizer Directive
and CAP - reporting systems already are in place. Every year, growers must provide data on their application
of fertilizer and acreage dedicated to specific crops, among other information. Thus, in a scenario in which
the mitigation strategies would be implemented, these same systems could be expanded to include the
necessary changes from the mitigation policy. This would be advantageous for the growers as well, as they
already are familiar with the systems, so the additional knowledge required to manage and report the data
would be reduced. Moreover, extension services, researchers and experts already are acquainted with the
current systems. Additionally, based on the focus group discussion, the farm-level changes entailed in the
adoption of the mitigation strategies are being researched in cooperation with growers. Consequently,
growers would have access to region-specific data, likely without a considerable delay, as the expertise
already is being developed before the adoption of the mitigation policy.

In comparison, policymakers in lowa would need to consider that mitigation policies would require the
establishment of new systems, implying comparatively higher transaction costs. There are programs
available that provide economic support to growers utilizing cover crops, indicating that, at least for this
strategy, this system could be expanded. However, this system is voluntary. Thus, in a scenario in which
cover crops are mandatory, it is likely that considerable investment would be necessary to expand the reach
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to more growers. Moreover, while regulations regarding the usage of nitrogen fertilizer exist, growers do
not have to report their fertilizer applications in detail. Similarly, they are not required to report their tillage
management or use of inhibitors. Thus, for all strategies except cover crops, a system for reporting, policing
and enforcing the policies would be necessary, entailing additional transaction costs. Nonetheless, the
availability of experts from the USDA and the lowa State University (extension services) to provide
knowledge to growers was mentioned in the focus group discussions, especially considering that they
currently conduct trials and make information available to growers. Additionally, the possibility to join a
cooperative to have access to more consultancy services was considered relevant, although that would
entail costs for the grower.

Lastly, it could be expected that the transaction costs entailed in mitigation policies in Parana would be the
highest of the three case studies. As indicated by the growers in the focus group, there are no systems
providing economic support, nor requirements to report on their activities concerning the production of
their crops. Therefore, the complete system for the application of the mitigation policy would need to be
designed and developed, likely resulting in high mitigation costs. Moreover, they emphasized the lack of
sufficient extension services from the state or universities, which they perceive as crucial to facilitate
farm-level adoption of the mitigation strategies. The cooperative in which the Typical Farm participates
conducts trials and distributes the results among the members, but these were regarded as not sufficient
because of the limited scope, focusing mainly on yields of new varieties of crops. Hence, it could be
expected that their contributions towards facilitating the adoption of mitigation strategies would be
limited. Although extension services are not necessarily required for the implementation of mitigation
policies, their services were considered key for their adoption at the farm level. Thus, establishing a network
of extension services would further increase the costs derived from a mitigation policy, which should be
accounted for by decision makers in the region.
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8 Discussion

In this chapter, the application of the methodology and research concept as well as the limitations that it
presents are discussed. The aspects discussed are valid for the entire thesis rather than for just an individual
strategy on a Typical Farm, as strategy-specific discussions have been integrated into the corresponding
assessment.

The Typical Farm concept and focus groups

Each case study is conducted by defining a Typical Farm to evaluate the initial situation as well as the
implications of adopting the GHG mitigation strategies at the farm level. A significant share of the
information and data for this assessment is provided by the growers and consultants participating in the
focus group based on their own expertise. Quantitative data on the farm, such as acreage and yields, can
be corroborated with statistical data, which is presented in the corresponding chapter. Yet qualitative
information such as the type of nitrification inhibitor a grower would adopt or the utilization of specific
equipment, which is essential to generating realistic results, is not verifiable because no database or
previous research with this type of information is available for the regions studied.

Similarly, it is not guaranteed that any of the participants in the focus group have vast experience with the
implementation of the mitigation strategies. While growers may make assumptions based on their
suppositions and similar experiences, these may not completely depict all the necessary considerations for
the adoption of the strategy. Furthermore, their assumptions may be based on biased or noncomparable
information. Additionally, multiple growers could express opinions stemming from the same source of
information, leading to a diminished discussion due to a reduced input of opposing views (O.Nyumba et al.,
2018). In this regard, the findings and results from the focus groups were discussed with agricultural
consultants and researchers in the respective regions to evaluate the need for corrections or further
assessments. However, given that information gathered in the discussion is not covered in scientific
literature, additional validation or correction of these limitations is not feasible.

A possibility to improve on this limitation would be to conduct multiple focus group discussions in each
region with different participants. Contradicting results could then be used to promote further discussions
among the groups. Alternatively, the number of participants in each session could be increased, although
this could risk fragmenting the discussion into smaller clusters if the group becomes too large, making it
more difficult to reach consensus (O.Nyumba et al., 2018). Both possibilities would help validate
information for which no database exists. However, both alternatives imply increased costs and time
requirements for the realization of the project, which were not available in the context of this thesis.

On average, focus group discussions lasted for four hours, including two pauses. In each session, the
participation of the members of the focus group tended to decline over time, which mainly can be
attributed to the overall length of the session. Arguably, this could signify that the first strategies were
discussed more thoroughly than the latter ones. This was addressed after the first session by arranging the
order in which the strategies are assessed based on the expected time required for the assessment in the
focus group. Thus, strategies involving more complex changes to the baseline were discussed first.
Additionally, more and longer pauses also helped with this issue. Nonetheless, dividing the discussion into
two or more sessions could to more beneficial, which should be considered in future case studies.

An approach that helped mitigate these issues was the evaluation of the results of the focus groups with
agricultural experts who did not participate in the sessions. In the majority of the cases, their expert opinion
was supported by scientific literature, which was utilized in this thesis. Additionally, their concerns were
integrated in subsequent discussions and interviews to further address them.
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Nonetheless, the overall concept of the Typical Farm and its focus group approach led to a comprehensive
assessment of the GHG mitigation strategies in which key agronomic aspects of crop production were
evaluated. This allowed an adequate depiction of a complex system and evaluation of interventions to it
beyond what would have been possible utilizing only aggregated statistical data. This applies to three case
studies, meaning that the overall approach is suitable for different agroclimatic contexts.

Evaluation of effect of the strategies on yields

A key assumption in the approach is the yield attained on Typical Farms, as it helps understand the baseline
situation and evaluate the possible implications of the strategies. This information is derived from statistical
data and comments from the participants in the focus group. The yield assumption is necessary to
determine total GHG emissions, estimate the possibility to lower inputs such as nitrogen fertilizers and to
quantify emissions from ILUC and additional costs as foregone revenue. Hence, this assumption is key in
the calculations of costs and emissions.

The initial assumption in the model is constant yields. This assumption is evaluated for each mitigation
strategy using scientific literature and is modified if necessary. However, in most cases, the results found in
literature present only findings from field trials or measurements. Furthermore, in most cases, these results
depict only the changes from a short period after the modifications to the system occurred; e.g.,
information only on the season following the transition to no-till. Considering the soil’s relevance to yields
and the time-scale in which changes occur in it, validating the representativity of the inferences from this
thesis in the long-term, in general, is not completely feasible. Nonetheless, this limitation could be
considered common in this type of research and is not unique to this thesis.

It must be noted that the quantity of scientific literature used to generate the assumptions differed
considerably among mitigation strategies and Typical Farms. In general, the availability of applicable
information was scarcest in Parang, regardless of the language used to search for information.

An alternative to improve on this aspect is the utilization of crop growth models. This can estimate the
plant’s development and yields based on soil, plant and climate parameters that can be modified to predict
changes in the system (Huang et al., 2019). Thus, the variables used in the models could be adapted to
depict the conditions of the Typical Farms and simulate yields based on long-term changes. However, the
models require regional field trial data to be calibrated to increase their accuracy (Kasampalis et al., 2018).
This data is not available in every region, which indicates that there is the need to conduct additional
research before models can be adopted. Additionally, the utilization of these models, in general, is a
complex process that would require additional time and budget beyond this thesis.

Comparability of standard, best and worst cases for risk analysis

As described in chapter 3.6.1, the approach used to define the standard, best and worst cases in each
strategy entails the combination of variables obtained from diverse sources using different methodologies.
This limits the comparability of three cases because it is not feasible in every case to assign probabilities or
statistical distributions to the variables without increasing the uncertainty of the assessment.

A possible improvement on this aspect for future research is the inclusion of expert knowledge to complete
the missing statistical description of the variables. For instance, for cases with missing information, experts
could provide an approximation on the type of statistical distribution or range of values that a variable may
have. This would enable the utilization of statistical models such as Monte-Carlo simulations to calculate
the uncertainty and sensitivity of the emission and cost estimation. However, expert knowledge may
introduce inconsistencies in the analysis and increase the overall uncertainty of the results (Basset-Mens et
al., 2009). In any case, considering the diversity in the types of data and regions evaluated in this
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assessment, gathering the data was not feasible in the context of this thesis because of budgetary
constraints.

Variables and emission factors in the calculation of emissions

As explained in chapter 3.5, several coefficients and emissions factors used in the calculation of GHG
emissions, especially in the case of the formulas obtained from IPCC (2019a), are disaggregated only by
major climate and soil categories. Yet, this level of disaggregation could be assumed to encompass several
subcategories, for which no information is provided. Consequently, these coefficients and factors can be
considered to be an approximation of the conditions of the Typical Farms rather than an accurate depiction.
Thus, these may not necessarily portray the local conditions of the farms. Furthermore, for some mitigation
strategies, it was necessary to use data from other areas as no information from the exact region could be
identified. While these other regions are considered comparable, differences may exist that can alter the
result calculated for the case studies and cannot be accounted for. Hence, there is an intrinsic uncertainty
in all the Typical Farms.

This aspect could be improved by developing regional variables specific to the conditions of the Typical
Farms. For instance, trials in farms to measure the variables in the region could be established for this
purpose. Moreover, these also could include further levels of disaggregation not previously considered,
such as more specific types of nitrogen fertilizer, to account for more variation and increase accuracy.
Additionally, models could be developed to adjust the variables and emission factors to the specific
agroclimatic conditions of the Typical Farms. The development of these models must be accompanied by
field trials for calibration and validation of results. Developed countries are working on improving models
to increase their emission reporting, but these are not yet usually implemented (Albanito et al., 2017). In
this regard, the United States, Brazil and Germany still report their emissions using the standard values
provided by IPCC.

Relevance of emissions from transport of fertilizer and other inputs

The model for the GHG calculation does not account for the transport of the fertilizer from the factory to
the Typical Farms. The model also assumes that the fertilizers applied in the Typical Farm are produced in
the country where the farm is located. However, this is not necessarily the case, as a significant share of
fertilizer may be imported from other countries or continents (Walling and Vaneeckhaute, 2020). This
transport, regardless of the type, entails GHG emissions from fuel combustion and energy usage.
Consequently, the GHG emissions assigned to each unit of fertilizer would be higher than what is assumed
in this thesis if emissions from transport are accounted. Hence, the emissions from crop production would
have been higher in the baseline scenario. Furthermore, this also implies that by lowering the input of
fertilizers in the Typical Farm, the mitigation potential achieved is actually higher than what the results from
this thesis indicate. In this regard, it was not possible to determine where the fertilizers are produced or
how they are transported; thus, this effect is not quantifiable.

Nonetheless, the share of the emissions entailed in the transport of fertilizer can be regarded as low
compared with manufacturing and application. In case studies conducted in Germany, Hasler et al. (2015)
estimated that the emissions from the transport of fertilizer accounted for 1% to 3% while Kathrin et al.
(2017) calculated them to account for less than 1% in the case of nitrogen fertilizers. Similar findings are
provided by Zhang et al. (2013) that indicate the transport of nitrogen-driven fertilizer used in China
accounts for 0.7% of the total. Consequently, it can be inferred that overall, the emissions entailed in the
transportation of fertilizers, not included in this thesis, are rather irrelevant compared with the release from
the manufacture and application. Thus, their omission can be assumed to have a negligible effect in the
total mitigation cost.
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Exchange rate effects in comparison of mitigation costs

All the cost calculations for the Brazilian and German farms are conducted in the local currency and are
transformed into USD in the last step. Therefore, unlike the Typical Farm in lowa that is already estimated
in USD, the resulting costs from these two Typical Farms are affected by the exchange rate used. This affects
the comparison of the mitigation costs across regions, indicating that the competitiveness of the strategies
across Typical Farms could vary depending on the value of the currency assumed.

In general, the Brazilian currency can be considered weak (Palley, 2021). Thus, when converting the results
from the Parand Typical Farm into USD, the mitigation costs might be indicated to be cheap, especially
compared with the German farm. Moreover, the exchange rate of the Brazilian real has been comparatively
less stable than the Euro since the year 2000 (World Bank, 2021). For instance, taking the average of the
exchange from 2010-2012 as opposed to 2016-2018, as assumed in this thesis, would almost halve the
exchange rate (1.8 reals per USD compared with 3.4), roughly doubling the mitigation costs. Consequently,
the overall ranking of mitigation cost across the Typical Farm could be different in the future derived from
variations in the exchange rate.

Negative mitigation costs (win-win scenarios)

The optimization of the nitrogen rate in lowa (US-1) and in Parand (BR-1) as well as the reduction of tillage
intensity in lowa in the long term (US-3) are indicated to have negative mitigation costs, implying that these
are win—win scenarios. Thus, the grower not only would lower emissions but would also improve economic
performance by implementing the mitigation strategy. This result could be interpreted as counterintuitive,
as it could be argued that growers operate as profit maximizers before the mitigation strategies are
implemented. Hence, in theory, they would have already adopted the strategies as it would increase their
profit.

However, there are considerations that may partly explain this particular result. Moran et al. (2013) argues
that, in the context of research, an oversimplification of the production system and costs, utilization of
nonrepresentative data or the adoption of statistical averages can lead to cost calculations that are not
realistic. Further aspects such as the transaction costs associated with acquiring know-how may have been
omitted in the cost estimation as these are extremely complex to generate (MaclLeod et al., 2015). Vermont
and Cara (2010) argue that most economic estimations have implicit inefficiencies and omitted costs.
Hence, it could be claimed that the negative costs of the strategies are a result of the intrinsic limitations of
the model and that the strategy, in reality, would not generate the economic savings indicated because of
unaccounted costs.

In addition, it is possible that growers do not behave as profit maximizers in all instances, as they are
influenced by cultural and personal factors such as tradition and risk perception, perception of the policy
environment and business constraints (Pike, 2008). Moreover, growers’ risk affinity can imply that they
knowingly oversupply a specific input, such as nitrogen, expecting that favorable weather conditions
generate a higher yield. Hence, they perceive the oversupply as a risky investment from which they would
benefit by attaining a higher revenue. Consequently, it also is possible that the negative costs estimated are
a realistic depiction, but the growers are not pursuing the economic benefit from the mitigation strategy
due to other considerations. Nonetheless, win—win scenarios are a promising alternative that must be
evaluated further, along with the influence of farmers’ behavior to generate meaningful political advice.
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9 Conclusions and advice for policymakers

The assessment of the GHG mitigation strategies designed for cropping systems indicates that the Typical
Farm in lowa offers the highest number of individual mitigation strategies (four), followed by Parana (three)
and lastly Mecklenburg-Vorpommern (two). Additionally, for each farm, it is possible to combine the
strategies for a join implementation, which can be perceived as an additional strategy. Moreover, this thesis
revealed there is a considerable variation in the GHG mitigation potentials and costs. This variation is
present within the strategies, shown by the differences in the standard, best and worst cases, as well as
between the strategies in the farm. Furthermore, in some cases, the mitigation potentials, and costs for a
specific type of strategy - e.g., optimization of the nitrogen fertilizer rate - can differ significantly depending
on the farm on which it is implemented.

This thesis calculated the mitigation potentials and costs of the strategies at the farm level. These mitigation
costs are a key component for the design of efficient mitigation policies. However, they are not the only
aspect that must be considered by policymakers, as strategies may present tradeoffs, such as a reduction
in yields, which can generate indirect land use change. Moreover, the mitigation strategies entail different
transaction costs for policing and enforcing them, which also depend on the specific design of the policy.
Hence, the results calculated are not sufficient to provide definite advice for policymakers. Still, the findings
can be used to select which strategies should be prioritized to conduct further analysis of transaction costs
and to focus the need for further research.

Additionally, in the context of mitigation strategies in cropping systems, policymakers should differentiate
between strategies offering an abatement of emissions and strategies promoting carbon sequestration. The
abatement of emissions - e.g., optimize nitrogen fertilization, thereby lowering the rate to reduce emissions
- can be realized every year, permanently mitigating emissions compared with the baseline scenario.
Consequently, the potentials and costs of these strategies are not affected by the duration of the policy. In
contrast, the soil's capacity to sequester carbon is limited and the process is reversible. Hence, the strategy
that led to the sequestration must be used permanently, despite it no longer capturing additional carbon
after the potential is fulfilled. As a result, strategies with carbon sequestration vary depending on the time
horizon considered. Consequently, a comparison and ranking of the strategies generates different results
based on the time perspective. Nonetheless, because of the need to quickly lower global GHG emissions to
ameliorate the effect of climate change, it is recommended that a short-term perspective is selected to
define mitigation policies.

Considering a short-term perspective, strategies promoting carbon sequestration are indicated to offer the
largest mitigation potentials. However, these strategies, in general, present the largest variation between
the best and worst cases, indicating that the actual mitigation achieved may differ considerably from the
standard value assumed, potentially risking a largely different outcome. This variation is the result of the
uncertainty in calculating carbon sequestration, which is partly attributable to the methodology utilized in
this thesis. However, there is an overall need for more research in this field to produce more accurate soil
models. These improved models in the future could quantify the mitigation potentials to generate more
accurate results, reducing the variation shown in this thesis. In comparison, strategies that abate emissions
without promoting carbon sequestration have a comparatively low mitigation potential, but they have a
relatively low variation between the best and the worst cases, which can be perceived as an advantage.
Nonetheless, additional research to generate region-specific data, such as yield curves, is still needed. In
the long-term perspective, there is no clear distinction between the type of strategy and the potential it
offers. Thus, no overall trends between the type of strategy and its potential can be identified.

Similarly, there are important differences in the mitigation costs across the strategies. In general, optimizing
the nitrogen fertilizer rate presents negative mitigation costs in lowa and Parand. This indicates that, by
adopting the strategy, emissions would be abated, and costs lowered, because of the reduction in the
fertilizer rate. Yet, these win—win scenarios, which seem counterintuitive in an economic sense, are highly
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debated. Arguably, they could be the result of the limitations of the calculations used in this thesis because
some costs may have been unaccounted for, and the real change may be an increase in costs. This strategy
in Mecklenburg-Vorpommern is among the most expensive of all the case studies. Germany already has
implemented regulations to the application of nitrogen fertilizers that have led to a high nitrogen-use
efficiency. Thus, policymakers could utilize the German system as an example to design policies for the USA
and Brazil. Nonetheless, while the strategy may offer negative costs at the farm level, making this strategy
into an interesting potential policy, it is likely that the transaction costs can become significant, as regular
soil samples may be necessary to police the adoption of the strategies. Still, remote sensing technology
capable of measuring the nitrogen in the soil is being developed, which would significantly lower these
transaction costs.

Using cover crops in lowa and in Mecklenburg-Vorpommern as well as reducing the tillage intensity to no-till
in lowa promote carbon sequestration. In the short-term, these strategies offer among the lowest
mitigation costs for their respective farms. However, due to the uncertainty in the estimation of the
mitigation potential, they also can present a markedly large variation between the best and worst cases,
such as in the case of cover crops in lowa. It is likely that transaction costs from monitoring this strategy are
comparatively low. Satellite imagery can be used to control the adoption of both strategies, which would
make wide-scale controlling cheap. These low transaction costs can be interpreted as an advantage over
strategies requiring soil sampling. Nonetheless, more research is needed to determine the magnitude of
the difference in the transaction costs to provide adequate policy advice.

Cover crops in Parand offer mitigation costs comparable to the same strategy in the other two cases.
However, it differs as it abates emissions only by reducing the input of fertilizer because alegume isincluded
in the cover crop already used. For this reason, the strategy has a lower variation compared to the same
strategies in the other farms. Consequently, policymakers do not need to take into consideration the
particularities of carbon sequestration and can compare it directly with the other strategies feasible on this
farm. It is likely that farm visits are required to control the adoption of the mixture of cover crops, as remote
sensing is not yet capable of reliably distinguishing between different species, meaning that transaction
costs could be significant.

Inhibitors are feasible in lowa and Parana and have the lowest variation between the best and worst cases.
This strategy offers some of the highest mitigation costs in the short-term, which, coupled with the lowest
mitigation potentials, makes it arguably the least preferable strategy in the respective farms. However, they
present two advantages compared with the other strategies. On a technical level, they are easy to adopt
on the farm, as no changes in the operations or machines are needed because the fertilizer can be
purchased already mixed with the inhibitors. Additionally, transaction costs are likely to be significantly
lower than any other strategies, because it could be made mandatory that all fertilizers are sold already
mixed, avoiding the need to control the farms. Consequently, while its mitigation potential and costs at
farm level are poorer than the rest of the strategies, the ease of adoption and low transaction costs makes
it a rather interesting alternative for policymakers.

A comparison of mitigation costs over the long term presents significant differences compared with the
short term. The optimization of the nitrogen rate remains unchanged, indicating that the same conclusions
can be drawn in this time perspective for this strategy. However, the strategies promoting carbon
sequestration are considerably more expensive, even more than strategies not promoting sequestration.
For instance, in lowa, the mitigation costs with inhibitors are approximately twice as high as with cover
crops in the short term, but in the long term, the costs of cover crops almost quadruple and become higher
than fertilizers inhibitors. No further elements concerning transaction costs are affected in this regard.
Consequently, unlike in the short term, where more trends could be identified to support policymakers, it
is not possible to generate such conclusions in the long term.
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This thesis assessed the limitations and synergies arising from combining all the strategies feasible for each
farm. This combination maximizes the mitigation potential attainable on each farm and helps understand
the contribution of the farms toward the fight against climate change. In the short term, lowa offers the
highest combined mitigation potential, which can be attributed to this farm offering the highest number of
feasible strategies and having two strategies with carbon sequestration. In the long-term, the differences
become less significant, but lowa still profiles as the farm with the highest potential. Similarly, lowa offers
the lowest mitigation costs in both perspectives, with Mecklenburg-Vorpommern offering the highest. It
must be noted that the transaction costs from combining strategies would be lower than the sum of the
transaction costs of the individual strategies, as these are likely to have shared fixed costs. For instance, the
same reporting and policing approaches could be used for more than one strategy - e.g., satellites to
measure no-till and cover crops - or sharing the same reporting platform.
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10 Extended summary

Mitigating anthropogenic greenhouse gas (GHG) emissions is essential to reduce the effect of climate
change. The agricultural sector is not only severely affected by it but also is responsible for a significant
share of the total emissions. Hence, it must have an active role in the fight against climate change.
Nonetheless, research on GHG mitigation strategies has focused mostly on either field trials or statistical
models.

Field trials usually evaluate the abatement of GHG emissions by strategy compared with a reference
scenario. Yet, in most cases they do not assess the implication of adopting the strategy on a farm, such as
changes in the costs or organizational repercussions. Consequently, the applicability of these findings in a
realistic scenario is not properly accounted for. Statistical models evaluate the effect of the mitigation
strategies, mostly on an entire sector. These models rely on statistical databases presenting averages of
yields, inputs, and further variables, which are used to depict entire regions. Thus, the models are limited
by the availability of data and rely on simplifying agricultural production to make inferences.

Still, crop production can be understood as a complex process that is affected by regional characteristics,
such as weather and availability of inputs. In turn, these regional aspects determine the feasibility of the
strategies in a farm and the corresponding mitigation potentials and costs, which can vastly differ across
regions. In this regard, the inclusion of regional growers and agricultural experts can be perceived as
essential in the assessment of the strategies. They not only possess expertise and information not portrayed
in statistical databases but can also adequately evaluate the technical and agronomical implications of the
strategies under the regional conditions in which the farm operates. Consequently, local expertise must be
takeninto account in order to derive realistic and comprehensive farm-level mitigation potentials and costs.
Considering the limited time and resources, understanding which strategies are the most efficient is crucial
to design efficient mitigation policies.

Against this background, this thesis studied the farm level mitigation potentials and costs of GHG mitigation
strategies designed for crop production and evaluated their differences and similarities. Three case studies
were conducted in different regions for a selected crop, representing diverse production systems and
conditions. Crops and countries were chosen based on their importance in global agricultural production
and food security. The possibility to cooperate with local scientists to support this project also was taken
into account in this selection process. Within each country, a region was selected using the same principles.
Based on these criteria, the case studies conducted were corn in lowa (USA), corn in Parana (Brazil) and
wheat in Mecklenburg-Vorpommern (Germany).

For each of these regions, a Typical Farm was established utilizing the methodology defined by agri
benchmark. Typical Farms depict the prevailing arable production system from the population of farms
generating the bulk of the agricultural output. Focus groups with local growers and agricultural experts
were conducted in each case to construct the baseline scenario of the Typical Farm. These were validated
using statistical data.

Additionally, the farm-level adaptations required to implement the GHG mitigation strategies were
discussed in the focus groups. Each strategy was introduced and discussed in the session until a consensus
on the overall changes required in the Typical Farm was met. The strategies were assumed to be
implemented independently from each other. The repercussions in the entire crop rotation were taken into
consideration in this thesis. The results from the focus group discussions were validated using scientific
literature. The likely approaches to monitor and enforce the adoption of each strategy, i.e., transaction
costs, were discussed considering the results of the Focus Group discussion.

Primarily, the GHG emissions driven by nitrogen and soil management were calculated utilizing the standard
methodology from the Intergovernmental Panel on Climate Change (IPCC). The emissions from the
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manufacture of fertilizers as well as from diesel usage are included as these have been shown to represent
a considerable share of the emissions from cropping systems. In general, the calculation of emissions relies
on coefficients depicting the losses from the system. These losses depend on the regional soil and climate
conditions. However, these data for the emissions’ calculation are rarely available at a region-specific level
for all the variables necessary. Consequently, this thesis utilizes the default coefficients provided by IPCC.
These, in part, are specific as they are divided into major soil and climate categories but can be considered
to still lack specificity. Nonetheless, this limitation is common in this type of research and is not particular
to this project.

The calculation of nitrogen losses and emissions revealed that IPCC’'s methodology does not properly depict
the situation in the Typical Farm, which partially can be attributed to the lacking specificity of the
coefficients. Utilizing this methodology would indicate that the Typical Farm is undersupplying nitrogen,
which does not seem feasible as it would negatively influence long-term profitability. Consequently, it was
deemed necessary to adjust the methodology to better depict the situation of the Typical Farms concerning
nitrogen usage. This adjustment modified only a share of the total nitrogen emissions, but still implies that
the results are not directly comparable with other calculations.

Moreover, there was a significant variation in the coefficients used to calculate GHG emissions and the
mitigation potentials of the strategies. In most cases, these variations were presented as statistical ranges
accompanying the default values. To depict this variation, each mitigation strategy was divided into three
cases: standard, best and worst. The standard case could be considered as the average result expected from
the mitigation strategy. The best case was calculated utilizing the assumptions that resulted in the highest
mitigation potential, while the worst case led to the lowest mitigation potential possible. The coefficients
used for these calculations were obtained from various sources that applied different methodologies and
approaches. Hence, the comparability of these coefficients is limited, and it is not possible to allocate
probabilities to the different cases. Nonetheless, the three cases provide an indication of possible results
that can be expected.

A preliminary list of eight GHG mitigation strategies for crop production usually discussed in research was
elaborated. The strategies can be divided into two categories depending on the approach to mitigate
emissions: reduction of nitrogen-based emissions and carbon sequestration in the soil. All the strategies
were evaluated for each Typical Farm utilizing a set of criteria aimed at determining the feasibility to
generate realistic results. The first criterion defined was that the strategy must not be a part of the baseline
of the Typical Farm. Second, the participants of the focus group must be at least somewhat acquainted with
the strategy and the implications that its adoption can have. Third, there must be sufficient scientific data
from the region to validate the assumptions required for the calculations. Last, the net increase in global
GHG emissions due to indirect land use changes resulting from a decrease in yields on the typical farm must
also be evaluated and dismissed. In theory, the mitigation strategies could negatively affect crop yields. This
would trigger indirect land use change, which occurs when vyields are lowered but the demand for the
product remains unchanged. This foregone yield would be perceived as an economic signal for growers
elsewhere to increase their output, which would trigger the transformation of land for agricultural use,
generating significant GHG emissions.

Additionally, for each Typical Farm, the possibility to combine all the mitigation strategies considered
feasible was studied. This is conducted by evaluating possible limitations and interactions that may occur
from the changes required in each individual mitigation strategy.

Only four of the eight mitigation strategies were considered feasible in at least one of the Typical Farms.
The Typical Farm in lowa offers the highest number of possible mitigation strategies (4), followed by Parana
(3) and finally, Mecklenburg-Vorpommern (2). The adoption of the strategies shows similarities across the
Typical Farms, but there are crucial differences derived from the equipment and availability of inputs in the
farms. The key agronomic and technical changes obtained from the respective focus group discussions are:
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= Optimization of the nitrogen rate: in lowa and Paranj, this strategy implies conducting one more pass
to spread fertilizer. This is realized with grower’s equipment in lowa, but with a contractor in Parana.
In both cases, the savings from the reduced nitrogen rate are enough to compensate for the added
costs entailed in the additional pass (machinery, labor and diesel or contractor). This implies that the
strategy also increases the profit and, thus, is a win—win scenario.

In Mecklenburg-Vorpommern, no additional pass is feasible, but a contractor is hired to measure the
nitrogen remaining in the soil, enabling the grower to adjust existing fertilizer applications.
Nonetheless, this amounts to a net increase in costs in this Typical Farm.

— Reduction of tillage intensity: The strategy is feasible only in lowa and, to maximize sequestration
potential, it is adopted in the entire crop rotation (corn and soybeans). Lowering the tillage intensity
to no-till reduces expenditures on labor, diesel and machinery, as less operations are needed. A part
of the tillage equipment can be sold as it is not used in any other operation in the Typical Farm.
However, this strategy generates a yield penalty that implies transitory foregone revenue and
emissions from indirect land use change, although these are lower than the reduction achieved.

= Cover crops: In lowa, the winter cover crops vetch and rye can be seeded before corn and soybeans,
respectively. Thus, the full potential of carbon sequestration can be attained and the fertilizer rate in
corn can be lowered, as vetch can fixate nitrogen. The cover crop is terminated utilizing herbicides,
which is considered an additional operation.

Cover crops already are used in Parand, but a mixture that includes vetch lowers the need to apply
synthetic fertilizer. Insecticides are applied to the cover crop to ensure proper development.

In Mecklenburg-Vorpommern, oats can be used as cover crops, but only a share of the sequestration
potential is realized because of limitations in the crop rotations. Nonetheless, oats also lower the need
to use fertilizers in the following crop. It is important to note that, because of changes in the
regulations concerning the subsidies from the European CAP in Germany, it is expected that cover
crops will become widely adopted, meaning that this strategy is likely to become a part of the new
baseline.

This strategy increased the expenditure for seeds in all Typical Farms, as well as in labor, diesel and
machinery in Parana and Mecklenburg-Vorpommern and contractors in lowa. The costs of pesticides
also are increased in lowa and Parana.

— Enhanced-efficiency fertilizers (inhibitors): Nitrification inhibitors can be used as an additive to the
fertilizer utilized in lowa. In Parand, the fertilizer can be purchased already coated with urease
inhibitors. In both cases, the inhibitors enable a reduction in fertilizer rate. No further changes to the
farm operations are required. Utilizing the inhibitors increases the expenditures in fertilizers, which
are partly reduced by the lowered fertilizer rate.

— Combination of strategies: Combining all the individual strategies was feasible in each of the Typical
Farms without significant changes to the operations. In Parana and lowa, there are interactions
between the strategies affecting the nitrogen supply, resulting in the need to calculate new fertilization
rates. Moreover, a synergy leading to an increased carbon sequestration potential is identified in the
lowa Typical Farm. The costs for fertilizers, seeds, diesel, machinery and labor, and contractors
increase in the three Typical Farms.

This thesis identifies that there is a time dimension to the economics of GHG mitigation strategies. The
methodology assumes that the potential of the soil to sequester carbon is finite and occurs over 20 years.
Furthermore, this process is reversible, indicating that the strategies that led to the sequestration must
continue to be used, even after the potential is realized. Thus, the economic cost resulting from the
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adoption of the strategy must be covered, despite no longer sequestering carbon. Consequently, in the
cases where carbon sequestration occurs, the mitigation potentials and costs of the strategies are evaluated
in short-term and long-term perspectives. Strategies without carbon sequestration have the same
potentials and costs in both time frames. Nonetheless, this finding reveals that the interpretation of the
result from this thesis and overall, in this type of research, depend on the time horizon used as reference.

In general, the mitigation strategies are revealed to have significant variations in mitigation potentials. In
some cases, a type of strategy can have markedly different results across Typical Farms. Moreover, the
variation between the best and worst cases for some strategies also is substantial. The detailed comparison
of the mitigation potentials in the case studies provided several conclusions:

= The optimization of the nitrogen rate offers similar abatement potentials in the Typical Farms in lowa
and Parana (approximately 240 kg CO.eq/ha). However, in Mecklenburg-Vorpommern, the same
strategy presents a fifth as much reduction. This difference is attributed to the already high efficiency
of nitrogen fertilization on the German farm, which implies that the reduction in the fertilizer rate is
lower. The variation between the best and worst cases is comparable for the three Typical Farms

= The reduction of the tillage intensity, which is attainable only in lowa, lowers emissions by
497 kg COzeq/ha. This value, which is considered high, is almost completely the result of the carbon
sequestration potential.

= Cover crops offer markedly different mitigation potentials. In lowa and Mecklenburg-Vorpommern,
the strategy promotes carbon sequestration as well as a reduction in nitrogen-driven emissions.
However, the potential in lowa is three times larger than in Mecklenburg-Vorpommern (1,251 and
452 kg COzeq/ha). The difference is attributed to limitations in the crop rotation. Moreover, the
potential in lowa is the highest of all the individual strategies. In comparison, cover crops in Parana
lower GHG emissions by only 233 kg CO2.q/ha. However, the variation between the cases is the lowest
in Parana. Nonetheless, cover crops are indicated to have the highest potential for each Typical Farm.

— The mitigation potentials from enhanced-efficiency fertilizer (inhibitors) are comparatively low. The
potential in Parand is 85 kg CO2eq/ha. This is approximately 50% less than in lowa and is among the
lowest abatement potentials overall. Still, this strategy offers the lowest variation between the best
and worst cases.

= Inthe short term, strategies with carbon sequestration have a significantly higher abatement potential
than strategies focused only on lowering nitrogen emissions. The three strategies with the highest
mitigation potential promote it. However, while this potential is estimated to be significant in this
thesis, there still is considerable uncertainty in the scientific literature regarding how high this
potential is. As a result, these strategies have a higher variation among standard, best and worst cases.

= The comparatively higher mitigation potential of strategies with carbon sequestration holds true only
in the short-term perspective. Assuming a long-term scenario, strategies that only abate nitrogen-
driven emissions offer mitigation potentials comparable to strategies with only carbon sequestration.

= Overall, the highest mitigation potential with the combination of strategies is found in lowa
(1,973 kg CO2¢q/ha), driven mainly by carbon sequestration. This outcome could be expected, as this
farm offers the highest number of feasible mitigation strategies as well as strategies with
comparatively high abatement potential. The potential in lowa is approximately four times higher than
in the other two farms. However, this applies only in the short term. In the long term, Parana and lowa
have similar potentials (600 and 526 kg CO2eq/ha), with Mecklenburg-Vorpommern offering roughly
only half as much.
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As with the mitigation potentials, the mitigation costs depend on the time perspective as well as the cases
assumed. The comparison of costs also shows similarities but also differences across the strategies. It must
be noted that prioritizing mitigation strategies that offer low farm-level mitigation costs, as calculated in
this thesis, is key in the design of efficient mitigation policies. However, possible transaction costs that can
arise from the monitoring and enforcing the strategies must also be taken into account. Thus, the mitigation
costs should be considered together with the transaction costs:

— Optimizing nitrogen rates in lowa and Parana result in negative mitigation costs of 16 USD/t COzeq.and
10 USD/t CO2q. The strategy offers some of the lowest mitigation costs overall in the short- and
long-term perspective. On the contrary, the same strategy in Mecklenburg-Vorpommern, has among
the highest costs across all the strategies (460 USD/t COz¢q). In general, compared with the other
strategies, the variation in costs across the cases could be considered moderate. Nonetheless, the
monitoring of the strategy would entail considerable transaction costs. Farm visits to conduct soil
sampling to measure the nitrogen are likely to be required until the remote sensing systems are
sufficiently developed to become a feasible alternative.

— Reducing tillage intensity in lowa entails low mitigation costs in the short term (8 USD/t COx¢q). This
strategy has the second-lowest mitigation costs. Moreover, the strategy is indicated to have negative
costs in the long term (-177 USD/t COz¢q), becoming the most cost-efficient strategy of all. This is the
only case in which a strategy becomes more cost-efficient in the long term compared with short term.
In the short term, the variation can be regarded as comparatively low, but it increases in the long term.
The transaction costs from this strategy could be expected to be comparatively low, as satellite
imagery could be used to monitor the adoption of the strategy. This aspect can be interpreted as
advantageous, making this strategy more competitive for policymakers.

— Cover crops have comparable mitigation costs for the three Typical Farms assuming the short term.
These cost 52 USD/t COz¢q in lowa and Mecklenburg-Vorpommern but are higher in Parand, reaching
70 USD/t CO4eq. However, the variation is markedly higher in lowa than in the other two Typical Farms
that is derived from the large variation in the abatement potential from carbon sequestration.
Arguably, this strategy in the short-term offers the third-best mitigation cost-efficiency. As with the
reduction of the tillage intensity, satellites could be used, implying low transaction costs in Germany
and USA. The exception would be the case of Paranad, as farm visits would be required to monitor the
adoption of the mixture of cover crops. Remote sensing is not always able to distinguish between
different types of plants, but this may become feasible in the future.

— The mitigation costs with cover crops are considerably higher using the long term. In
Mecklenburg-Vorpommern, these are 110 USD/t COzq and in lowa 216 USD/t COzeq. Thus, the
mitigation costs with cover crops vary across Typical Farms in the long-term.

— Enhanced-efficiency fertilizers (inhibitors) abate emissions at a cost of 100 USD/t COzq and
138 USD/t CO2¢q in lowa and Parana. These represent the least cost-efficient type of strategy
compared with the individual alternatives studied but, in general, have lower variations between the
cases than the other strategies. Arguably, the transaction costs from this strategy would be the lowest,
as it could be made mandatory to sell the fertilizer already treated with the inhibitors. Thus, while the
mitigation costs in the farm are in general the highest from all the strategies evaluated, the low
transaction costs make this strategy a noteworthy alternative.

— The mitigation costs with the combination of strategies are approximately 40 USD/t COz¢qin lowa and
in Parana if the short-term is used as reference. Yet, the variation is higher in lowa. In
Mecklenburg-Vorpommern, the mitigation costs are approximately two times higher (78 USD/t COz¢q).
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In the long term, costs in lowa and Mecklenburg-Vorpommern are 80 USD/t COz4 and
183 USD/t COeq, roughly twice as high as in the short term.

— Overall, the Typical Farm in lowa can be considered to offer the lowest mitigation costs overall, as it
offers among the cheapest mitigation alternatives in the short and long term. Following the same
principles, Parana is the second-cheapest Typical Farm regarding mitigation costs and, last,
Mecklenburg-Vorpommern.

A ranking of the strategies that should be prioritized based on their mitigation cost is provided in subchapter
7 of each case study. The rankings are divided by Typical Farm, time perspective and case.

It is important to note that this thesis calculated all the costs in the local currencies before converting the
final result to USD. Hence, the exchange rate assumed in these calculations also influences the evaluation
of the mitigation costs across the Typical Farms. Thus, while the costs in the national currencies may remain
stable, the international comparison may still differ if the exchange rates are modified. This is particularly
relevant in the case of the Parana case study, as the Brazilian currency (Reais) historically has had
considerable fluctuations compared against the USD. On the contrary, the Euro can be considered stable.

This thesis did not evaluate the interactions that may result from implementing just a selection of strategies
at the same time, rather than all strategies as in the combination. However, considering that no significant
restrictions were identified in the evaluation of the combination in any of the Typical Farms, no limitations
are expected.

Overall, the utilization of focus groups to derive the farm-level changes necessary for the adoption of the
GHG mitigation strategies can be considered suitable. It was effective to gather qualitative and quantitative
information usually unavailable in scientific literature and databases. Moreover, it enabled the inclusion of
expertise in the local context, which is necessary to derive representative and realistic results. Nonetheless,
these results are still influenced by the knowhow and experience of the participants, which is part of the
character of case studies.

The results from this thesis can be considered specific to the regions where the case studies are conducted.
Even so, these can still be used as reference for comparable locations. Moreover, the insights gained from
the focus group discussions on technical and agronomic implications at the farm level as well as the
considerations needed to evaluate the potentials and costs can be used as guidelines for future research
and policy advice.
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Table A.1 Input costs in baseline scenario in Typical Farms (USD)
Input Unit lowa (US) Parana (BR) Mecklenburg (DE)
Diesel liter 0.61 0.96 0.97
Labor hour 15.00 6.59 22.74
Anhydrous ammonia kg prod. 0.64 - -
(82% N)
Urea (46%) kg prod. - 0.38 0.32
Triple superphosphate kg prod. 0.37 - -
(46% P20s)
Potassium chloride kg prod. 0.38 0.46 0.37
(60% K20)
Monoammonium phosphate kg prod. - 0.58 -
(11% N - 52% P20s)
Diammonium phosphate kg prod. - - 0.45
(18% N - 28% P20s)
Urea ammoniumnitrate kg prod. - - 0.21
(28% N)
Dolomite t prod. - 33.98 -
Seed ha 245.37 261.35 60.27
(corn)
127.82
(soybean)
Crop care ha 75.70 162.62 227.44
(corn)
69.19
(soybean)
Machinery ha 356.90 - 167.01
(corn)
266.50
(soybean)

Source: own calculation based on focus groups.
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Table A.2 Summary of emission factors (EF) and coefficients for GHG calculation
- .. . lowa Parana Mecklenburg
Coefficient/Emission factor Unit Source (US) (BR) (DE)
EFdieser: EF for diesel kg COzeq/! (1) 3.13 3.13 3.13
EFsn: EF for N20 from synthetic N kg N2O-N/kg N (2) 0.016 0.016 0.016
input
EFcr: EF for N20 from N from kg N2O-N/kg N (2) 0.006 0.006 0.006
crop residues
Yield t/ha (2) 12.67 13.00 9.00
(corn)
3.81
(soybean)
Moisture: moisture content of % (3) 15.5 14 14
the grain (corn)
13
(soybean)
Slope - (2) 1.03 1.03 1.61
(corn)
0.93
(soybean)
Intercept (2) 0.61 0.61 0.4
(corn)
1.35
(soybean)
NCac: nitrogen content in kg N/kg DM (2) 0.006 0.006 0.006
above-ground residues (corn)
0.008
(soybean)
RS: ratio of below-ground to - (2) 0.22 0.22 0.23
above-ground biomass (corn)
0.19
(soybean)
NCsa: nitrogen content in kg N/kg DM (2) 0.007 0.007 0.009
below-ground residues (corn)
0.008
(soybean)
Fraceas: fraction of nitrogen kg N vol./kg N (2) 0.08 0.15 0.15
volatilized as NHs and NOx (a.
. (urea) (urea)
ammonia)
0.08 0.1
(MAP) (UAN)
0.08
(DAP)
Fracieacra: fraction of nitrogen kg N leach/kg N (2) 0.24 0.24 0.24
leached
Nitrogen content in harvested kg N/kg DM (4) 0.0131 0.0157 0.0219
parts (corn)
0.0657
(soybean)

Note: Multiply the value in N,O-N by 44/28 to transform to N,O. Multiply the value in C by 44/12 to transform to CO,.

Sources: (1) various, see Chapter 3.5.5; (2) IPCC (2019a); (3) focus groups; (4) Sawyer and Mallarino (2008) for corn in lowa,
Ciampitti and Salvagiotti (2018) for soybeans in lowa, Garcia et al.(2018a) for corn in Parana; BMEL (2021a) for winter wheat
in Mecklenburg-Vorpommern; (5) Brentrup et al. (2018).
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Table A.2 Summary of emission factors (EF) and coefficients for GHG calculation (continued)
- .. . Source lowa Parana Mecklenburg

Coefficient/Emission factor Unit (US) (BR) (DE)

EFato: EF for N20 from nitrogen kg N20-N/kg N (2) 0.014 0.014 0.014

deposited

EF.: EF for N20 from nitrogen kg N2O-N/kg N (2) 0.011 0.011 0.011

leached

EFlimestone: EF limestone applled kg C/t (2) - 0.12 -
limestone

EFurea: EF urea applied kg C/kg urea (2) - 0.2 0.2

EF manufacture of limestone kg COzea/kg (5) - 0.007 -
prod.

EF manufacture of anhydrous kg CO2eq/kg (5) 2.49 - -

ammonia prod.

EF manufacture of urea kg COzeq/kg (5) 1.01 1.01 0.88
prod.

EF manufacture kg COzeq/kg (5) - 0.52 -

monoammonium phosphate prod.

(MAP)

EF manufacture diammonium kg CO2eq/kg (5) - - 0.63

phosphate (DAP) prod.

EF manufacture potassium kg COzeq/kg (5) 0.25 0.25 0.25

chloride prod.

EF manufacture triple kg COzeq/kg (5) 0.18 - -

superphosphate prod.

EF manufacture urea ammonium kg CO2zeq/kg (5) - - 0.78

nitrate (UAN) prod.

Note: Multiply the value in N;O-N by 44/28 to transform to N>O. Multiply the value in C by 44/12 to transform to CO,.
Sources: (1) various, see Chapter 3.5.5; (2) IPCC (2019a); (3) focus groups; (4) Sawyer and Mallarino (2008) for corn in lowa,
Ciampitti and Salvagiotti (2018) for soybeans in lowa, Garcia et al.(2018a) for corn in Parana; BMEL (2021a) for winter wheat
in Mecklenburg-Vorpommern; (5) Brentrup et al. (2018).
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Table A.3 Considerations on evaluation of feasibility of mitigation strategies in Typical Farms
L. lowa Parana Mecklenburg-Vorpommern
Mitigation strategy
(Us) (BR) (DE)
Optimization of
nitrogen fertilization Evaluated Evaluated Evaluated

rate

Utilization of organic
fertilizer

Not evaluated: already
used as fertilizer in the
region, although not in
the Typical Farm

Not evaluated: livestock
production is not
significant in the region

Not evaluated: already
used as fertilizer in the
region, although not in the
Typical Farm

Use of legumes as
cover crops

Evaluated

Evaluated

Not evaluated: no suitable
cover crop was determined
by the focus group

Enhanced-efficiency
fertilizer

Evaluated

Evaluated

Not evaluated: urease
inhibitor is part of baseline,
but there is a lack of
scientific data on the effect
of combining more
additives

Reduction of tillage
intensity

Evaluated

Not evaluated: already
part of the baseline
scenario

Not evaluated: a literature
review indicates a yield
reduction if no-till is
implemented*, risk of
indirect land use change
could not be properly
calculated

Stopping crop residue

Not evaluated: already
part of the baseline

Not evaluated: already
part of the baseline

Not evaluated: already part

(carbon sequestration)

scenario

burning . . of the baseline scenario
scenario scenario
Not evaluated: already
Cover crops .
Evaluated part of the baseline Evaluated

*Based on the results published by Gruber et al. (2012) and Huynh et al. (2019)

Sources: own estimation.
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Table A.4 Coefficients and emission factors used for cereal rye and hairy vetch in Typical Farm in
lowa

Coefficient/Emission factor Unit Source Cereal rye Hairy vetch
EFsn: EF for N2O from syntheticN kg N2O-N/kg N (1) 0.016 0.016
input
EFcr: EF for N2O from N from crop kg N2O-N/kg N (1) 0.006 0.006
residues
DRY: Moisture content % (1) 12 10
Slope - (1) 1.09 1.13
Intercept - (1) 0.88 0.85
Nag(m): nitrogen content in kg N/kg DM (1) 0.005 0.027
above-ground residues
RS(n): ratio of below-ground - (1) 0.22 0.4
biomass to above-ground
biomass
Nsg(m): nitrogen content in kg N/kg DM (1) 0.011 0.022
below-ground residues
Fraceas: fraction of synthetic kg N volatilized/kg N (1) 0.08 0.08
nitrogen volatilized as NHz and
NOx
Fracteacha: fraction of nitrogen kg N leached/kg N (1) 0.24 0.24
leached
EFato: EF for N2O from nitrogen kg N2O-N/kg N (1) 0.014 0.014
deposited
EFL: EF for N20O from nitrogen kg N20-N/kg N (1) 0.011 0.011
leached
EFurea: EF urea applied kg C/kg urea (2) 0.2 -
EF for manufacture of urea kg COzeq/kg product (2) 1.01 -
EF for manufacture of potassium kg CO2eq/kg product (2) 0.25 0.25
chloride
EF for manufacture of triple kg COzeq/kg product (2) 0.18 0.18
superphosphate

Note: Multiply the value in N;O-N by 44/28 to transform to N>O. Multiply the value in C by 44/12 to transform to CO,.
Sources: (1) IPCC (2019a); (2) Brentrup et al. (2018).
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Table A.5 Coefficients used for nitrogen additions from cover crops in Typical Farm in Parana and
Mecklenburg-Vorpommern
Black oats Common Oats
Coefficient/Emission factor Unit , vetch (Mecklenburg
(Parand) .
(Parana) )
Above-ground biomass kg DM/ha 2,940 1,960 1,500
Nag(m): nitrogen content in kg N/kg DM 0.007 0.007 0.007
above-ground residues
RS(m: ratio of below-ground - 0.250 0.400 0.250
biomass to above-ground biomass
Nsg(m): nitrogen content in kg N/kg DM 0.008 0.022 0.008
below-ground residues

Source: IPCC (2019a).
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Table A.6 Coefficients and emission factors used for prevented leaching in corn silage in Typical
Farm in Mecklenburg-Vorpommern

Coefficient/Emission factor Unit Source Corn silage
EFsn: EF for N2O from synthetic N kg N2O-N/kg N (1) 0.016
input

Fraceas: fraction of synthetic kg N volatilized/kg N (1) 0.15
nitrogen volatilized as NHz and NOx

Fracieacra: fraction of nitrogen kg N leached/kg N (1) 0.24
leached

EFatp: EF for N2O from nitrogen kg N2O-N/kg N (1) 0.014
deposited

EFL: EF for N2O from nitrogen leached kg N2O-N/kg N (1) 0.011
EFurea: EF urea applied kg C/kg urea (1) 0.2
EF for manufacture of urea kg COzeq/kg product (2) 1.01

Note: Multiply the value in N,O-N by 44/28 to transform to N,O. Multiply the value in C by 44/12 to transform to CO,,
Sources: (1) IPCC (2019a), (2) Brentrup et al. (2018).
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Table A.7 Input use in mitigation strategies in corn in Typical Farm in lowa
Anhydrous ammonia  Triple superphosphate Potassium chloride .
Strategy (82% N) (46% P20s) (60% K20) Diesel  Labor
(kg prod./ha) (kg prod./ha) (kg prod./ha) (I/ha)  (h/ha)
Baseline
(US-0) 220.42 173.04 105.67 78.22 2.47
Optimization of 201.70 (standard)
nitrogen 190.51 (best) 173.04 105.67 83.83  2.60
fertilization
(US-1) 214.32  (worst)
Reduce tillage
intensity 220.42 (all cases) 173.04 105.67 58.58 1.92
(US-2)
Use of cover 179.45 (standard)
crops 172.62 (best) 173.04 105.67 79.15 2.55
(US-3) 186.28 (worst)
Use of 208.96 (standard)
nitrification 208.72 (best) 173.04 105.67 7822  2.47
inhibitors
(US-4) 209.09 (worst)
Combination of 153.35 (standard)
strategies 136.89 (best) 173.04 105.67 65.12 2.14
(Us-C) 169.82 (worst)

Note: When no difference between the cases is shown, the same value is assumed in the three cases. The volume of diesel
shown in this table portrays only the requirement by the operations conducted using the machinery of the Typical Farm.
Hence, the diesel utilized by the contractor is not included in this value.
Source: own calculation based on focus groups.
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Table A.8 Input use in mitigation strategies in soybean in Typical Farm in lowa
Triple Potassium
Strategy superphosphate chloride Diesel Labor
(46% P20s) (60% K20)
(kg prod./ha) (kg prod./ha) (I/ha) (h/ha)
Baseline
(US-0) 108.00 159.00 35.54 1.34
Reduce tillage intensity 108.00 159.00 28.99 1.21
(US-2)
Use of cover crops 108.00 159.00 36.47 1.43
(Us-3)
Combination of strategies 108.00 159.00 29.92 1.29

(US-C)

Note: When no differentiation between the cases is shown, the same value is assumed in the three cases. The volume of
diesel shown in this table portrays only the requirement by the operations conducted using the machinery of the Typical

Farm. Hence, the diesel utilized by the contractor is not included in this value.
Source: own calculation based on focus groups.
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Table A.9 Input use in mitigation strategies in corn in Typical Farm in Parana
Urea Monoammonium  Potassium
Strategy (46% N) phosphate chloride Limestone Diesel Labor
? (11% N - 52% P20s)  (60% K20)
(kg
(kg prod./ha) (kg prod./ha) prod./ha) (t/ha) (I/ha) (h/ha)
Baseline 410.00 290.00 150.00 1.00 2000 1.50
(BR-0)
Optimization 376.30 (standard)
of nitrogen 351.96 (best) 290.00 150.00 1.00 2000 1.50
fertilization
(BR-1) 404.35 (worst)
Use of 333.91 (standard)
legumes as 323.04 (best) 290.00 150.00 1.00 20.80  1.60
cover crops
(BR-2) 344.78 (worst)
Use of urease 399.78 (standard)
inhibitors 397.61 (best) 290.00 150.00 1.00 20.00 1.50
(BR-3) 400.87 (worst)
Combination 295.20 (standard)
of strategies 261.10 (best) 290.00 150.00 1.00 20.80 1.60
(BR-C) 332.10 (worst)

Note: When no differentiation between the cases is shown, the same value is assumed in the three cases. The volume of
diesel shown in this table portrays only the requirement by the operations conducted using the machinery of the Typical
Farm. Hence, the diesel utilized by the contractor is not included in this value.
Source: own calculation based on focus groups.
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Table A.10 Input use in mitigation strategies in winter wheat in Typical Farm in
Mecklenburg-Vorpommern

Diammonium Potassium

Urea Urea ammonium
Strategy o phosphate chloride . o Diesel Labor
(46%N)  (18%N-28%P.05)  (60% K:0) nitrate (28% N)
(kg

prod./ha) (kg prod./ha) (kg prod./ha) (kg prod./ha) (I/ha) (h/ha)
?Da‘éf(')')”e 260.87 100.00 100.00 196.43 90.00  3.50
Optimization 260.87 184.25 (standard)
of nitrogen 260.87 100.00 100.00 144.64 (best) 90.00 3.50
fertilization
(DE-1)
Use of cover
crops 260.87 100.00 100.00 196.43 (all cases) 96.50 3.64
(DE-2)
Combination 260.87 184.25 (standard)
of strategies 260.87 100.00 100.00 144.64 (best) 96.50 3.64
(DE-C)

Note: When no differentiation between the cases is shown, the same value is assumed in the three cases. The volume of
diesel shown in this table portrays only the requirement by the operations conducted using the machinery of the Typical
Farm. Hence, the diesel utilized by the contractor is not included in this value.

Source: own calculation based on focus groups.
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Table A.11 Assumptions for the calculation of machinery costs in Typical Farm in lowa

Equit Lon Lon
aurty g € Purchase Salvage Depr. Repurchase

Type fixed term term i Repairs Usage
. cost value  period cost
assets loan deposit
(ha/a or
(%) (%) (%) (USD) (USD) (years) (USD) (USD/year) h/a)
a
Anhydrous
ammonia 85 5.5 2.0 45,000 15,000 10 70,000 950 364
applicator
Tractor 85 5.5 2.0 175,000 80,000 15 225,000 2,000 500
Corn stalk
85 5.5 2.0 3,500 0 5 4,000 20 728
stompers
Disk ripper 85 5.5 2.0 45,000 22,500 8 50,000 750 364
Soil finisher 85 5.5 2.0 50,000 15,000 8 57,000 800 728
Pesticide
85 5.5 2.0 26,000 5,000 15 55,000 1,500 1,092
sprayer

Source: Focus groups.
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Table A.12 Assumptions for the calculation of machinery costs in Typical Farm in
Mecklenburg-Vorpommern
Equit Lon Lon
‘_1 y € € Purchase Salvage Depr. .
Type fixed term term . Repurchase  Repairs Usage
. cost value period
assets loan  deposit
(Usb/y (ha/aor
(%) (%) (%) (UsD) (UsD) (years) (UsD)
ear) h/a)
Seed drill
. 1.8 0.9 8,529 2,132 10 9,808 227 275
(cultivator)
Tractor 85 1.8 0.9 102,349 45,488 8 125,094 1,365 800
Disk
85 1.8 0.9 46,626 17,058 10 56,861 2,843 2,000
harrow

Source: Focus groups.
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Table A.13 Change in labor, diesel, and machinery costs from farm operations in Typical Farms
Farm and Operation or Diesel Equipment L. .
Labor . Depreciation Repairs
strategy change consumption  affected
(h/ha) (I/ha) (USD/ha) (UsD/ha)
lowa Anhydrous
L. Additional Y .
Optimization ammonia - 2.62
. pass to .
of nitrogen 0.13 5.6 applicator
o spread
fertilization .
nitrogen Tractor - 0.52
(Us-1)
lowa . . N
. Stopping disk Disk ripper 11.93 1.92
Reduce tillage .
i . ripper 0.42 13.09
intensity ( ) Tract 167
corn ractor - .
(US-2)
lowa . . e
. Stopping soil Soil finisher 8.34 1.1
Reduce tillage .
. ] finisher 0.14 6.55
intensity (corn) Tract 0.55
r r - .
(US-2) acto
lowa
Reduce tillage Protection of Stalk
. ) - - 1.19 0.03
intensity wheels stompers
(Us-2)
lowa
W . Stopping soil Soil finisher 8.34 1.1
Reduce tillage .
. . finisher 0.14 6.55
intensity (soybean) Tract 0.55
r r .
(US-2) Y acto
lowa Termination
Sprayer - 0.89
Use of cover of cover crop
0.08 0.93
crops (corn and Tract 0.82
(Us-3) soybean) ractor i '
Parana
Use of S .
rayin
legumes as praying 0.10 0.8 - 0.31
cover crops
cover crops
(BR-2)
Mecklenburg Seeder 2.99 0.83
Use of cover Seeding cover (cultivator)
crops crop
(DE-2)
Mecklenburg Disk harrow - 1.42
Use of cover Residue
. . 0.14 6.5
crops incorporation Tractor - 0.24
(DE-2)

Note: Combination entails the sum of the changes of each individual strategy assessed in the Typical Farm, thus it is omitted

from the table.

Source: own calculation based on focus groups.
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Table A.14 Coefficients and resulting soil carbon stocks in the Typical Farm in lowa
Coefficients
Reference Inout of Total
. carbon Land use Tillage intensity p carbon
Strategy Scenario organic matter
use tillage
stock (Cuse) (Ctillage) (Cinut) content
(SOCref) P (SOCtotal)
(t of
(t of C/ha) - - C/ha)
Baseline - 81 0.7 1.04 1 58.97
Long-term .
(culti\g/ated) (Reduced) (Medium)
Reduce
tillage Standard 81 0.7 1.09 1 61.80
intensity
Long-term . .
(culti\g/ated) (No-till) (Medium)
Best 81 0.7 1.13 1 64.28
Long-term . .
(culti\g/ated) (No-till) (Medium)
Worst 81 0.7 1.05 1 59.33
(Long-term . .
culti\g/ated) (No-till) (Medium)
Winter cover
crops Standard 81 0.7 1.04 1.11 65.45
(Long-term (High without
cultivated) (Reduced) manure)
Best 81 0.7 1.04 1.21 71.99
(Long-term (High without
cultivated) (Reduced) manure)
Worst 81 0.7 1.04 1 58.97
(Long-term (High without
cultivated) (Reduced) manure)
Combination  Standard 81 0.7 1.09 1.11 68.60
(Long-term (No-till) (High without
cultivated) manure)
Best 81 0.7 1.13 1.21 78.47
(Long-term . (High without
cultivated) (No-till) manure)
Worst 81 0.7 1.05 1 59.33
(Long-term (No-till) (High without
cultivated) manure)

Note: Terminology in parentheses represent the denominations used by IPCC. To transform C to CO2eq, the C value must be

multiplied by 3.67.
Source: own estimation based on IPCC (2019a).
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Table A.15 Coefficients and resulting soil carbon stocks in the Typical Farm in
Mecklenburg-Vorpommern

Coefficients

Reference Inout of Total
. carbon Land use Tillage intensity p carbon
Scenario organic matter
stock (Cuse) (Ctillage) (Cinput) content
Strategy (SOCre) mnput (SOCitotal)
(t of
(tofC/ha) - - - C/ha)
Baseline - 81 0.7 1.04 1.00 58.97
(Long-term .
cultivated) (Reduced) (Medium)
Winter cover o ndard 81 0.7 1.04 1.11 65.45
crops
(Lon.g—term (Reduced) (High without
cultivated) manure)
Best 81 0.7 1.04 1.21 71.99
(Lon.g—term (Reduced) (High without
cultivated) manure)
Worst 81 0.7 1.04 1.00 58.97
(Long-term (High without
cultivated) (Reduced) manure)

Note: Terminology in parentheses represent the denominations used by IPCC. To transform C to CO2¢q, the C value must be
multiplied by 3.67.
Source: own estimation based on IPCC (2019a).
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Table B.1 Foregone revenue from yield penalty from transitioning the Typical Farm in lowa to no-
till and in combination of strategies

Corn Soybean Average

Yield Yield Foregone Yield Yield Foregone Foregone

Year penalty penalty revenue penalty penalty revenue revenue

(%) (t/ha) (USD/ha) (%) (t/ha) (USD/ha) (USD/ha)
1 6.0 0.76 97.6 1.8 0.07 22.8 60.2
2 5.7 0.72 90.9 1.7 0.07 21.2 56.1
3 54 0.69 84.4 1.6 0.06 19.7 52.1
4 5.1 0.65 78.2 1.5 0.06 18.2 48.2
5 4.8 0.61 72.1 1.4 0.05 16.8 44.5
6 4.5 0.57 66.3 14 0.05 155 40.9
7 4.2 0.53 60.7 13 0.05 14.2 37.4
8 3.9 0.50 55.2 1.2 0.04 12.9 34.1
9 3.6 0.46 50.0 1.1 0.04 11.7 30.8
10 3.3 0.42 44.9 1.0 0.04 10.5 27.7
11 3.0 0.38 40.0 0.9 0.03 9.3 24.7
12 2.7 0.34 353 0.8 0.03 8.2 21.8
13 2.4 0.30 30.8 0.7 0.03 7.2 19.0
14 2.1 0.27 26.4 0.6 0.02 6.2 16.3
15 1.8 0.23 22.2 0.5 0.02 5.2 13.7
16 15 0.19 18.1 0.5 0.02 4.2 11.2
17 1.2 0.15 14.2 0.4 0.01 33 8.8
18 0.9 0.11 10.5 0.3 0.01 2.4 6.4
19 0.6 0.08 6.8 0.2 0.01 1.6 4.2
20 0.3 0.04 3.4 0.1 0.00 0.8 2.1
Total - - 908.2 - - 211.8 560
Annuity - - 55.5 - - 13 34.2

Note: Initial yield of corn is 12.7 t/ha with a price of 130.7 USD/t. For soybeans, the initial yield is 3.8 t/h at 338.6 USD/t. The

discount rate used is 2% and is already considered in the foregone revenue.
Source: own estimation.
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Table B.2 Calculation of GHG emissions from corn and soybean from Indirect Land Use Change in
Typical Farm in lowa
EPA’s indirect Crop’s Emissions
Crop land use Density of fuel Energy density biofuel yield  indirect land use
change
(g CO2eq/MJ) (kg fuel/m3) (MJ/kg fuel) (I/kg crop) (ke fzzs;/kg
Corn /
Ethanol 39 794 27 0.3 0.25
Soybean / 56 890 37 0.2 0.35
Biodiesel

Note: In the literature, the crop’s biofuel yield is provided as a function of the dry matter. The values shown here are adjusted
using a moisture content of 15.5% for corn and 13% for soybeans. These are the standard values for grain moisture content
used in the Typical Farm in lowa. EPA’s Indirect Land Use Change values are expressed for the 20-year period.

Source:own estimation based on EPA (2010), Chen et al. (2018), Canter et al. (2016) and EU (2015).
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Table B.3 Total GHG emissions from Indirect Land Use Change from yield penalty from
transitioning the Typical Farm in lowa to no-till and in combination of strategies
Corn Soybean Average

Yield Yield L. Yield Yield L. L.

Year penalty penalty Emissions penalty penalty Emissions Emissions
(%) (t/ha) (kg CO2q/ha) (%) (t/ha) (kg CO2eq/ha) (kg CO2eq/ha)

1 6.0 0.76 192.4 1.8 0.07 23.8 108.1

2 5.7 0.72 182.8 1.7 0.07 22.6 102.7

3 5.4 0.69 173.2 1.6 0.06 21.4 97.3

4 5.1 0.65 163.6 1.5 0.06 20.2 91.9

5 4.8 0.61 154.0 1.4 0.05 19.1 86.5

6 4.5 0.57 1443 1.4 0.05 17.9 81.1

7 4.2 0.53 134.7 13 0.05 16.7 75.7

8 3.9 0.50 125.1 1.2 0.04 15.5 70.3

9 3.6 0.46 115.5 11 0.04 14.3 64.9

10 3.3 0.42 105.8 1.0 0.04 13.1 59.5

11 3.0 0.38 96.2 0.9 0.03 11.9 54.1

12 2.7 0.34 86.6 0.8 0.03 10.7 48.7

13 2.4 0.30 77.0 0.7 0.03 9.5 43.3

14 2.1 0.27 67.4 0.6 0.02 8.3 37.8

15 1.8 0.23 57.7 0.5 0.02 7.1 324

16 15 0.19 48.1 0.5 0.02 6.0 27.0

17 1.2 0.15 38.5 0.4 0.01 4.8 21.6

18 0.9 0.11 28.9 0.3 0.01 3.6 16.2

19 0.6 0.08 19.2 0.2 0.01 2.4 10.8

20 0.3 0.04 9.6 0.1 0.00 1.2 5.4

Average - - 101 - - 125 56.8

Note: Initial yield of corn is 12.7 t/ha and of soybeans is 3.8 t/h. The emissions from Indirect Land Use Change are
0.3 kg COzeq/kg of corn and 0.4 kg COeq/kg of soybeans.
Source: own estimation.

Table B.4 Effect of nitrification inhibitor and nitrogen fertilizer reduction in combination of
strategies in Typical Farm in lowa
Emissions from direct Leaching Total
Case N loss Share Fertilizer N loss Share Fertilizer fertiliz.er
reduced reduction reduced reduction reduction
(kg N/ha) (%) (kg N/ha) (kg N/ha) (%) (kg N/ha) (kg N/ha)
Standard 3.0 51 1.5 19.5 25 4.9 6.4
Best 2.8 55 1.5 111 25 2.8 4.3
Worst 33 47 1.5 27.7 25 6.9 8.5

Source: own estimation.
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Table B.5 Effect of urease inhibitor and nitrogen fertilizer reduction in combination of strategies in
Typical Farm in Parana
Case Urea rate Losses as ammonia Share reduced Urea reduction
(kg N/ha) (kg N/ha) (%) (kg N/ha)

Standard 138 5 47 2

Best 122 3 58 1
Worst 189 8 42 3

Source: own estimation.
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