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1 General Introduction



1.1 Background

In the past decades, agricultural and particularly livestock production have increased with
population growth and increasing demand for food, especially for livestock products, at global
level. This trend is expected to continue in the coming decades and may even be fortified by an
increasing demand for non-food biomass in an economy based on renewable biological resources
(Bruinsma, 2009; FAO, 2006; Kearney, 2010; Tilman et al., 2002; European Commission, 2012).

Agriculture determines not only the level of food production, but also, to a large degree, the state
of the environment. Livestock production accounts for 70% of all agricultural land globally and
has been associated with expansion into natural ecosystems, adversely affecting biodiversity, and
greenhouse gas emissions and the carbon cycle (Godfray et al., 2010; Steinfeld et al., 2006;
Thornton, 2010). Besides these environmental effects, agriculture also adds detrimental amounts
of nitrogen to ecosystems (Bouwman et al., 2013). Nitrogen pollution, primarily via emissions of
ammonia (NHs3), is considered to be among the top three threats to global biodiversity. Much of
the emissions of NHz is transported by air and deposited in nitrogen-limited terrestrial ecosystems
where it leads to unintentional fertilisation and loss of terrestrial biodiversity (Dise et al., 2011;
Erisman et al., 2008; Townsend and Howarth, 2010). In the atmosphere, parts of NHs are
converted into ammonium aerosols that are a fraction of secondary fine particulate matter (PM25)
(Krupa, 2003). Thereby, NH3 emissions pose also a threat to air quality (Moldanova et al., 2011).
Emissions of PMa2s, both primary and secondary, may lead to respiratory and cardiovascular
diseases and a reduction in life expectancy (Brunekreef and Holgate, 2002; World Health
Organization Regional Office for Europe, 2013). Additionally, NH3 can lead to the emissions of

the greenhouse gas nitrous oxide and indirectly affect the climate (Krupa, 2003).

The adverse impacts of agricultural production on the environment and on public health are costs
that are typically not measured and often do not influence farmers’ or society’s choices about
production methods or food products. These external costs question the sustainability of current
agricultural production. Sustainable agricultural production would consider all costs and benefits
and maximise the net benefits for society. “If society is to maximize the net benefits of agriculture,
there must be a fuller accounting of both the costs and the benefits of alternative agricultural
practices, and such an accounting must become the basis of policy, ethics and action” (Tilman et
al., 2002).

At the international policy level, the need to abate NH3 and PM emissions has been recognised,
and policies to halt the loss of biodiversity and to improve air quality and the sustainability of

agricultural production (e.g., included in the Common Agricultural Policy reform 2014-2020) have
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been introduced (European Communities, 2001, 2006, 2008; European Union, 2010; UNECE,
2013). Targets for the mitigation of greenhouse gas emissions for the year 2020 are set in the
European Union’s “20-20-20” climate and energy package and are further developed in the 2030
climate and energy framework (European Commission, 2008, 2013). If the net benefits should
become a basis for policy and action, as suggested by Tilman et al. (2002), the question needs to
be raised what the damage costs of environmental impacts from agriculture account for and what

the net benefits for the society would be if these damages were avoided.

Germany faces a situation similar to the aforementioned. Agricultural production, and mainly
livestock production, has increased in the last decades. Livestock production covers now 65% of
agricultural area in Germany. The consumption of livestock products has increased in the past
decades and is now about twice as high as recommended in healthy eating guidelines (BMELV,
2010; Max Rubner-Institut, 2008). With 545 Gigagram (Gg) of NHz emissions in 2012, Germany
is among the countries with the highest NHz emissions in the European Union (EU) both at
national level and per unit utilised agricultural area, and a large share of its natural and semi-
natural ecosystems is under pressure from nitrogen deposition (Builtjes et al., 2011; UNECE,
2013; Eurostat, 2012). 94% of these NHs emissions originated from agriculture; thereof about 85%
from livestock production. Besides NHs, agriculture contributes to the emissions of primary PM
and of greenhouse gases (Table 1-1) (Umweltbundesamt, 2013, 2014).

Table 1-1: Emissions of ammonia and particulate matter (PMio and PM2s) from livestock production,
crop production and the whole national society in Germany in 2012 (in Gg)

NH; PMio PM2s Greenhouse gases

Livestock production 437 20 5 29*103
Crop production 75 19 1 41*103
National total 545 217 112 940*103

Source: Umweltbundesamt (2013, 2014)

Germany is committed to comply with the international policy reduction targets for NHsz and PM
emissions as well as for the emissions of greenhouse gases. The agricultural sector can contribute a
large share to these reductions and may, by reducing NH3 emissions, even offer a cost-effective
means for PM emission abatement (Pinder et al., 2007). As NHz and PM emissions partly originate
from the same agricultural activities, interactions between NHz and PM emission abatement and
greenhouse gas emissions in the sense that NHz and PM emission abatement measures may affect
greenhouse gas emissions can exist. There is a need to analyse the options for air pollutant
emission abatement in agriculture in Germany considering effects on greenhouse gases and to
estimate the costs for farmers and the benefits for the society and thereby identify those measures

that offer the largest net benefits.



1.2 Emission abatement and abatement costs

In general, emissions are determined by the production activity from which they originate, e.g. the
livestock type (cattle, pigs) or the manure system (e.g. straw-based or slurry-based). Obviously,
they are also determined by the quantity of a production activity, e.g. the number of animals of a
particular type that are present in a year. The general equation is emissions estimation equals the
activity times the emission factor, i.e., the emission per unit of activity (European Environment
Agency, 2013). The emissions of production activities can be reduced by a range of technical
measures that capture the emissions at their sources before they enter the atmosphere. These
measures reduce the emission factor but do not alter the quantity of production. Besides technical
measures, behavioural changes can reduce anthropogenic driving forces that generate emissions
(Amann et al., 2011). Thus, reductions in production activities or a shift to products that are less
detrimental to the environment can reduce emissions. On a food product base, plant-based food
products have lower nitrogen and greenhouse gas emissions than livestock products (Carlsson-
Kanyama and Gonzalez, 2009; Leip et al., 2014). These findings suggest that, besides technical
measures, a shift in human diets from livestock products to plant-based food products can also

contribute to the abatement of atmospheric emissions.

1.2.1 Technical abatement measures

Technical NH3 emission abatement measures in agriculture have mainly been analysed in the
framework of air quality policy assessment regarding their abatement potentials, costs and cost-
effectiveness (Dohler et al., 2011; Wagner et al., 2012; Webb et al., 2006; Bittman et al., 2014).
PM abatement measures and related technical costs in livestock housing are described in Grimm
(2008). Evidence exists that PM emissions in crop production vary according to soil
characteristics, soil cultivation methods, e.g. ploughing or harrowing, and harvesting activities
(Funk et al., 2008; Hinz and Hoek, 2007; Ottl and Funk, 2007). Yet assessments of PM emission
abatement measures in agriculture are lacking. Measures for reducing greenhouse gas emissions in
livestock and in crop production including land use effects and carbon sequestration have been
reviewed and analysed regarding their reduction potentials in Bellarby et al. (2013), Garnett (2011)

and, including mitigation costs, in MacLeod et al. (2010).

These previously mentioned studies referred to emissions of either NHz or PM emissions or of
greenhouse gases and neglected possible interactions among air pollutants and greenhouse gases.
More integrative cost-effectiveness studies addressed agricultural measures that reduce nitrogen
(N) gases and found synergies of air pollutant and greenhouse gas reduction via the abatement of
N compounds (Oenema et al. 2009; Amann et al. 1999). Additional studies indicated that



interactions between NHz emission abatement and greenhouse gas mitigation in agriculture exist
and that simultaneous reductions can lower overall reduction costs (Brink et al. 2005; Eory et al.
2013). However, these approaches have their limitations in assessing abatement measures that

affect multiple pollutants with different environmental effects.

1.2.2 Diet shifts

Human diets have mainly been assessed regarding their impacts on the climate. Lower
consumption of animal-based food, particularly of ruminant meat, reduces greenhouse gases partly
to a larger extend than technical measures (Audsley et al., 2010; Bellarby et al., 2013; Amann et
al., 1999; McMichael et al., 2007; Popp et al., 2010; Stehfest et al., 2009). Furthermore, diets with
low livestock product consumption need less land compared to diets with high livestock product
consumption (Gerbens-Leenes and Nonhebel, 2002; Eory et al., 2013; Amann et al., 2011).
Integrative studies showed that diets rich in plant products simultaneously benefit the climate, the
supply of land, water and energy, biodiversity conservation and human health relative to diets rich
in animal products (Aiking, 2011; Boer et al., 2006; Tukker et al., 2011). A reduction in livestock
product consumption may also reduce dietary health risks such as colon cancer and saturated fat
related heart diseases (Amann et al., 1999; Friel et al., 2011; McMichael et al., 2007). There is a
need to analyse the impacts of a diet shift on NHs and PM emissions and effects on greenhouse

gases and associated impacts on the environment and on human health.

1.3 Benefits of emission abatement

Many studies have assessed the costs of abatement measures, but did not estimate the damage
costs of air pollution and the quantity of damage costs avoided by emission abatements, i.e. what
the benefits for the society in terms of avoided damage costs would be. From an economic welfare
perspective and to internalise such external costs, avoided damage costs need to be estimated.
External health damage costs of NHz emissions were estimated for Denmark and of NHz and
PM25s emission abatement in the assessment of air quality policies in the EU (e.g., Brandt et al.,
2013; Holland, 2012, 2014; Pye et al., 2008; Brink and Grinsven, 2011). Grinsven et al. (2013)
estimated the benefits of reducing nitrogen pollution in Europe. Within the assessment of EU air
quality policies, impacts on biodiversity were assessed with a critical loads approach. This
approach is not suitable for monetary valuation. However, it has been recognized that impacts on
biodiversity should be expressed in monetary terms and included in the benefit analysis (European
Communities, 2005). An overview of damage costs of climate change that have been estimated in
various studies is given in Umweltbundesamt (2007). The benefit estimates allow for the

assessment of emission abatement measures that affect multiple pollutants where the application of
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cost-effectiveness analysis is limited. Moreover, a cost-benefit analysis can help to identify

abatement measures that increase welfare most.

1.4 Objectives and research questions

The general objective of my thesis research was to increase the understanding of the full effects of
NH3z and PM emission abatement measures in agriculture. In particular, the objective was to
quantify costs and benefits of reducing NHs and PM emissions in agriculture in Germany
considering interactions with greenhouse gases and to identify cost-efficient NHz and PM emission
abatement measures. To achieve this objective, the following key research questions were

addressed:

1. Is a cost-benefit approach appropriate for assessing NHz and PM emission abatement
measures and related impacts on human health and on biodiversity, particularly when
expecting interactions between NHz and PM emission abatement with greenhouse gas
emissions?

2. What are the abatement potentials, the abatement costs for farmers and the benefits for the
society of technical NHz and PM emission abatement measures and of a shift in diets?

3. Do interactions among the abatement of NHz and PM emissions and greenhouse gas

emissions exist, and do they influence the abatement costs and the benefits?

To answer these questions, the general objective has been disaggregated into the following specific

research objectives and tasks:

e To set up and apply a conceptual framework for the evaluation of NH3 and PM emission
abatement measures in agriculture regarding their costs and benefits;

e Toinclude PM emissions from agriculture in the assessment and the modelling framework;

e To analyse interactions of NHz and PM emission abatement measures and greenhouse gas
emissions in agriculture;

e To quantify the abatement potentials, the abatement costs and the benefits for human health
and for biodiversity of NHz and PM emission abatement measures in agriculture
complemented by benefits of greenhouse gas reductions;

e To analyse and compare technical abatement measures and a diet shift regarding their

abatement potentials, abatement costs and benefits.

1.5 Description of the method

This modelling approach developed and applied in my thesis research combines agricultural

emission modelling and integrated environmental impact assessment. The NHz and PM emission
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abatement measures were evaluated regarding their abatement costs for farmers and their benefits
to society in a cost-benefit-analysis (Figure 1-1). The assessment included interactions with
greenhouse gases and impacts of land use change. The benefits comprise monetised impacts on
terrestrial biodiversity, on human health (morbidity and mortality) and the climate. This thesis
research brings together different methods that estimate environmental and health impacts and that
valuate these impacts in monetary terms. This is a precondition for comparing different impacts
and for aggregating them in one value, the damage costs. This approach enables to assess multiple
effects of emission abatement measures such as the interactions among NHz and PM emission
abatement and greenhouse gas mitigation and to compare avoided damage costs to abatement

costs.

The reference emissions of NHs, PM and greenhouse gases, including soil carbon sequestration,
and the abatement potentials and costs of technical measures were taken from a study carried out
with the economic-ecological farm model EFEM by Beletskaya (2016) (chapter 2 and chapter 3).
The reference emissions and the abatement potentials of a diet shift were estimated with the
biophysical model MITERRA (Lesschen et al., 2009; Velthof et al., 2009) (chapter 4 and
chapter 5).

EFEM and MITERRA

Abatement measure

Air pollutants ‘ Greenhouse gases‘
NH, PM CH, || N,0 | co, | soc <
Spatial resolution to grids

[ —

¥ v N v
‘ N deposition ‘ ‘ PM concentration ‘ Land use

b 4 A 4

‘ Biodiversity ‘ Human health Climate Biodiversity ‘

\ ! | !

Damage costs Damage costs Damage costs Damage costs
l b 4 4
Avoided damage costs = Benefits Abatement costs

EcoSense

SOC = soil organic carbon

Figure 1-1: Evaluation of abatement measures for NHsz and PM emissions and interactions with
greenhouse gas emissions as developed and applied in this thesis research



The farm model EFEM is a static linear supply model that maximises the gross margins of farms
(Neufeldt, Schafer 2008). Production factors, prices and production capacities in the model are
exogenous. The model is based on typical farms that were derived from analyses of datasets of the
Farm Accountancy Data Network and classified into farm types following the EU classification
system. Their production capacities define the scope of the linear optimisation process. The results
at farm level are extrapolated to regional level with linear extrapolation. Thus, the analysis at
regional level is based on a bottom-up approach. The core of EFEM is the production module that
depicts crop and livestock production activities considering their regional differences in yields,
intensities, performance and costs. The production module also estimates emissions that originate
from production activities and includes abatement measures. For NH3z emissions in livestock
production, it distinguishes the emission sources feeding, housing, manure storage, manure
application and fertiliser application and traces the NH3 emissions along these stages. The analysis
of NHz emission abatement measures comprises interactions along the emission stages, because
reductions at earlier stages have impacts on the N content of manure and on NHz emission
potentials in subsequent stages. The module includes also PM emissions and greenhouse gas
emissions of agricultural and upstream processes. Hence, their balance contains emissions of
agricultural production processes on the farms and of the production of farm inputs such as
purchased feed, fertilisers and plant protection product. The changes in gross margins reflect the

farmers’ abatement costs of implementing emission abatement measures.

The model MITERRA calculates annual nutrient flows and greenhouse gas emissions from
agriculture at NUTS-2 and NUTS-1 levels in the EU. Main input data are crop areas, livestock
distribution, feed inputs (derived from the CAPRI model), animal numbers, excretion factors, NH3
emission factors (derived from the GAINS model), crop yields, fertiliser consumption, animal
production (from FAO statistics) and emissions factors for greenhouse gases (from IPCC). Like
EFEM, MITERRA distinguishes the livestock emission sources feeding, housing, manure storage
and manure application and includes greenhouse gas emissions from fertiliser production. To
calculate emissions of PMzs, | implemented PM2s emission factors for different livestock types,
arable land and fuel use in MITERRA. The model analysis of environmental impacts was
complemented by estimates of economic impacts on the farmers based on data from the literature.

In this thesis research, the impacts and benefits of NHs and PM emission abatement were
estimated with the environmental impact assessment model EcoSense, applying the impact-
pathway-approach in combination with a monetary valuation (Bickel, Friedrich 2005). This
approach tracks emissions along the complete chain of causal relations starting from their source

and subsequent dispersion and conversion in the atmosphere to their impacts on various receptors
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(e.g. human population, ecosystems). The atmospheric dispersion modelling in EcoSense
simulated the transport of NHz and PM emissions in the atmosphere and the formation of
secondary particles and resulted in PM concentration and N deposition. Physical impacts of
changes in PM concentration on human health and of changes in N deposition on terrestrial
ecosystems and biodiversity were estimated. These were weighed with monetary values and
aggregated into one value, the damage costs. The approach is presented in chapter 2. The damage
costs of impacts of greenhouse gas emissions and climate change were based on literature reviews.
Avoided damage costs, representing the benefits of air pollutant and greenhouse gas reduction,
were compared to farmers’ abatement costs, and the net benefits and benefit-to-cost ratios were
estimated. Only abatement measures whose benefits exceed the costs, i.e. with positive net benefits

or a benefit-to-cost ratio larger than one, should be implemented.

The technical abatement measures that were analysed were substitution of urea fertiliser, reduced
tillage, low-protein feeding of pigs and poultry, manure storage cover techniques, manure
application techniques and exhaust air purification systems. As a diet shift, a 50% reduction in
livestock product consumption and production, compensated by plant-based food consumption and
production, was analysed in combination with three scenarios of alternative use of land freed up
from livestock feed production: food supply with increased cereal production for export, biomass
with perennial lignocellulosic crop cultivation for non-food use and biodiversity with extensive

grassland production and fallows on arable land.

The technical measures were analysed in three case studies in the German Federal States of Baden-
Warttemberg, Brandenburg and Lower Saxony (Figure 1-2). Baden-Wurttemberg, in the south-
west of Germany, has 1.4 million hectares (ha) of agricultural area and a livestock density of 0.7
livestock units per ha and pictures a region with a large share of forage-growing farms and mixed
farms at small scale. Brandenburg (north-east Germany) has 1.3 million ha of agricultural area and
0.4 livestock units per ha and represents a region with large specialised crop production farms with
large fields and sandy soils. It was considered suitable for the analysis of PM emission reduction
measures in crop production. Lower Saxony, in north-west Germany, has 2.6 million ha of
agricultural area and 1.2 livestock units per ha and depicts a region with intensive livestock
husbandry and high shares of both NH3z and PM emissions. The shifts in diets were analysed at the

EU level and at the national level of Germany.
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Figure 1-2: Livestock units per 100 hectares utilised agricultural area in the year 2010 in Germany
(grid of 5 kilometres)

1.6 Outline

After the general introduction, this thesis presents the four research chapters and ends with the
synthesis that integrates the research chapters.

Chapter 2 presents the conceptual framework for evaluating NHz and PM emission abatement
measures in agriculture. In this chapter, the modelling approach that estimated farmers’ abatement
potentials and costs and society’s benefits is described and applied to examples of technical NH3

emission abatement measures in livestock production in Lower Saxony.

Chapter 3 evaluates technical abatement measures of NHs, PM1o and PM2s emissions in livestock
and crop production considering their interactions with greenhouse gas emissions. Abatement
potentials, costs for farmers and benefits for the society of human health, biodiversity and the
climate are estimated. The effects of interactions on net benefits, average abatement costs and

cost-efficiency are detailed.

10



Chapter 4 analyses the impacts of a diet shift on human health, on land use and on NHs3 and
greenhouse gas emissions in the EU. The health effects include those related to the dietary change.
The study indicates that animal-based food consumption in Germany is above the EU average and
intake of proteins, red meat and saturated fat exceeds dietary recommendations providing scope
for diet shifts in Germany.

Chapter 5 builds on the study presented in chapter 4 and investigates the impacts of a diet shift on
the emissions of NHs, PM2s and greenhouse gases in Germany. In the presence of competing land
use, the analysis comprises scenarios for the alternative use of land freed up from livestock
production and their impacts on food supply, non-food biomass supply and biodiversity. The
impacts are assessed according to their costs for farmers and the benefits for the society of human

health, biodiversity and the climate.

Chapter 6, the synthesis, integrates and discusses the results of the previous research chapters. It
describes the main findings of the thesis and compares the technical abatement measures and the
diet shift. Options to reduce emissions in agriculture and related environmental impacts in a cost-
efficient way are proposed. The implications for science, society, policy and future research are

discussed.
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