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Abstract

The aim of this study was to assess positive or negative impacts of anaerobic digestion (AD) on water
quality using a systemic approach. To this end, we used the agro-hydrological model Topography-
based Nitrogen Transfer and Transformation (TNT2), a spatially explicit model that simulates
nitrogen and water flows at the watershed scale on a daily time step. Four scenarios were constructed
and analyzed: a baseline before the introduction of AD (50), AD with adjusted fertilization (S1), AD
with unadjusted fertilization (52), and agroecological AD (S3). The results showed that, when
spreading practices were similar and an equivalent amount of effective nitrogen was applied, digested
pig slurry generally had a predicted amount of nitrate leaching similar to that of undigested pig slurry.
In addition, replacing catch crops with energy cover crops had little impact on water quality. Scenario
S3 was the most favorable one for water quality and biogas production, but not for soil organic
nitrogen storage and food and feed production. This study’s strength is its systemic approach, which
considered both environmental and agronomic aspects to assess the scenarios.

1. Introduction

The history of anaerobic digestion (AD) dates back several centuries, with the first records describing
combustible gas produced by decomposing organic waste (Abbasi et al 2012). AD is a biological process in which
organic matter decomposes in an anaerobic environment and produces biogas composed mainly of methane
(CH,) and carbon dioxide (Ahring 2003). This decomposition can produce renewable energy from waste and
help contribute to carbon neutrality (Ward et al2008). AD is developing in livestock farms, which produce a
large amount of organic waste as manure, slurry, and crop residues. Livestock waste is one of the main concerns
regarding the degradation of water quality (Hooda et al 2000) since it contains large amounts of nitrogen (N)
(Follett and Hatfield 2001) and phosphorus (Knowlton et al 2004), which can leach into rivers and groundwater.
In addition to producing renewable energy, AD also generates a residue as a by-product called ‘digestate’, which
is composed of minerals and non-decomposed organic matter. Digestate can replace organic and inorganic
fertilizers and other soil additives (Westerman et al 2012). The AD industry is growing rapidly. Germany is the
leading biogas producer in Europe and the world, with more than 9000 digesters (Sesini et al 2023), while France
ranks third, with more 1400 digesters.

French public policies support AD development in order to meet the national objectives of renewable energy
production and carbon neutrality. Indeed, AD plays a crucial role in French energy prospects and ECC and
fodder (including grassland) are the main substrates used to fulfil such objective (ADEME 2021). Thereby from
50 to 60 and 14 to 20 Twh/year could be produced by energy catch crops (ECC) and fodder, respectively,
through AD in 2050 for a total energy production of AD between 113 and 151 TWh/year from the agriculture
sector (Beline et al 2023). Initially developed using livestock and food processing waste, AD development is
actuallylargely based on ECC and in a lesser extent on fodder such as maize and grass (Launay et al 2022). The
introduction of ECC in AD systems is widely used by several countries (Szerencsits et al 2016, Strauf8 et al 2019,
Riauetal 2021, Levavasseur et al 2023), mainly to ensure a continuous supply of substrate for biogas units
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without the need to rely on main crops and without competing with food production (Styles et al 2015). Unlike
catch crops (CC), they are usually fertilized and sometimes irrigated. Despite their potential for maximizing
agronomic and environmental benefits (Launay et al 2022), they are sometimes suspected of competing with the
main crops and being less effective than CC in preventing NO; leaching. AD can also be considered as a
technology that adds value to fodder crops (e.g. grassland, legumes (alfalfa) and thus may increase their
cultivation, even on farms without ruminants, as predicted by forecasting studies (Couturier et al 2016). In
Germany, 30 to 40% of biogas plants use grass from permanent grasslands as feedstock for the digester (Elsaf3er
etal2012). Such changes could improve water quality. For sustainable management of anaerobic digestion,
developing other biomasses that do not compete with food crops is crucial (Bedoi¢ et al 2019).

However, the development of AD raises questions about environmental externalities and the associated risks
of air, soil, and water pollution. While AD is often seen as a solution to improve the management of agricultural
waste, particularly livestock waste, by replacing it with a more manageable digestate, the resulting impact of the
series of changes to farm management entailed by an AD project remain under debate (Méller 2015).

Several studies have examined impacts of digestate on water quality at the field scale (P6tsch 2004, M6ller
and Stinner 2009, Svoboda et al 2013, Nicholson et al 2017). Although their results varied, few differences in the
risks of nitrate (NO;) leaching were observed between different types of livestock waste (whether digested or not)
and inorganic fertilizers. However, digestate compositions and characteristics vary widely. Thus, to minimize
the risks of NOj; leaching, it is important to consider the composition of each type of digestate and adapt
spreading practices accordingly. Since the characteristics of the inputs used in AD influence the quality of the
digestate (Jimenez et al 2019), and these inputs depend on farmers’ management practices, a comprehensive
systemic approach is necessary to assess the environmental risks of AD properly.

There are more reasons advocating for a systemic approach. First, the flux of nitrate at the outlet of a
catchment, even a small one, is generally not the sum of the leaching of each field: many processes related to
spatial interactions, buffering, transit time, mixing of different aquifers, etc, result in a nitrate retention
depending on the agricultural and physiographic context (e.g. Ruiz et al 2002, Abbott et al 2018, Ehrhardt et al
2019, Dupas et al 2020). Therefore, if an AD project modifies the distribution of crop rotations in the landscape,
the resulting effect will be different that what it observed at field scale. Second, ECC can only be introduced in
specific intercropping sequences, when the period of time between the harvest of the preceding crop and the
sowing of the new one is long enough (e.g. between wheat and maize), whereas CC implantation is more flexible.
Therefore, the proportion of CC and ECC and their resulting effect on nitrate concentrations can only be
assessed at the farm or landscape scale. Third, AD implies more circularity in a farming system and different
management of the crops, by-products and wastes, which may have consequences on the productivity, feed/
food ratio, carbon sequestration, etc of the farm, and it is important to balance the positive or negative effects of
AD on water pollution by gain or losses on other functions of the farm system.

Among all the farm systems, indoor pig breeding farms have often been identified as a major source of
nitrogen pollution, since they concentrate large fluxes of nitrogen on a proportionally limited area (Sutton et al
2011). Indeed, hot spots of nitrogen pollution in the world, either atmospheric or aquatic, are associated to high
density of livestock in general and often pig farming (Erisman et al 2014, Billen eral 2011, de Vries et al 2011). Pig
farming is often associated with cereal cropping such as maize, wheat and barley fertilized with the manure and
used to feeding the animals. This is typically the case in Europe, one of the major pig producing region in the
world. Within Europe, Brittany, Western France, which produces 5% of the European pig production on less
than 1% of the area, is representative of these hot spots, where AD develops rapidly to improve animal waste
management.

This study aimed to analyze the combined effects of changes induced by AD on a farm’s operating system or
agroup of farms. Unlike other studies, this study adopted a systemic approach at the farm scale rather than the
field scale and attempted to consider all changes caused by introducing AD that could influence water quality.
The underlying hypothesis was that these systemic changes have larger impacts, whether positive or negative,
than does changing the types of fertilizers alone.

Given the many management practices available to farmers who invest in AD, the difficulty and cost of
setting up areal-world experiment, and the time lag between a change in management practices and observable
effects on stream water quality (Guillaumot et al 2021, Malik et al 2022), we adopted a scenario-based modeling
approach. The objectives of this study were to (1) construct contrasting scenarios based on changes generated at
the farm level by introduction AD to a pig farm, (2) predict impacts of introducing ECC to the cropping system
on N flows and especially water quality, and (3) predict impacts of introducing permanent grassland into the
cropping system. The scenarios constructed were simulated using the agro-hydrological model Topography-
based Nitrogen Transfer and Transformations (TNT2) (Beaujouan et al 2002) along with simple, data-based
farm and AD modeling approaches.
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Figure 1. The Kervidy Naizin watershed and the Kéramiot sub-watershed.

2. Materials and methods

2.1. Study site and challenges of the approach

The Kervidy-Naizin watershed in Brittany (figure 1), western France, is associated with AgrHyS, a widely
recognized long-term observatory in the fields of agriculture and the environment (Fovet er al 2018). It covers
4.9 km” and is drained by the Coét-Dan River, a tributary of the Evel River. It is characterized by intensive
agriculture that combines mixed cropping (i.e., cereals, maize, grassland, and vegetables) and livestock farming
(i.e., cattle, pigs, and poultry) on relatively moderate slopes (5%). Approximately 91% of the area is used for
agricultural purposes.

Considered as an outdoor laboratory, the watershed is equipped with water monitoring devices, soil sensors,
and other equipment to measure and record environmental parameters. It was chosen in the present study due
to its long-term time series of quantitative and qualitative data: streamflow, daily NO; concentrations, cropping
practices, and characteristics of the climate, soil, topography, and agricultural system.

The watershed has a temperate oceanic climate, with mean annual precipitation of 827 mm and a daily mean
temperature of 11.2 °C. Its mean annual specific runoff is 314 mm, with seasonal variability. The dominant soils
are clay loams 60—-80 cm deep whose drainage depends on the slope. The watershed’s elevation ranges from 98 m
at the outlet to 140 m. AgrHys provides a large amount of data online (Ozcar-RI 2021), see Gascuel-Odoux et al
(2018) for a history of the Kervidy-Naizin watershed. One of the main characteristics of these data is the high
NOj; concentration in stream water: ca. 16.5 mg L !N"L-NOs.

This study simulated N dynamics at the watershed scale by representing the processes involved in the ‘soil-
plant’ compartment and in the hydrological pathways. The principle was to construct a ‘virtual’ farm whose
fields would cover an entire sub-watershed of the Kervidy-Naizin watershed, and to compare different scenarios
with and without AD implementation. The Kéramiot sub-watershed, drained by an upstream reach of the
Kervidy, was chosen to represent the farm. Existing data on the farming operations of this sub-watershed were
replaced with data from a virtual pig farm based on real soil, crop, and practice characteristics. The farm covered
the entire sub-watershed area (i.e., 104 ha) and produced 5363 finishing pigs per year. The number of pigs on the
farm was set to meet the regulatory limit of 170 kg spreadable organic N /ha/yr, based on the emission factor of
3.17 kg spreadable N /pig.yr (Légifrance 2016). We used weather data recorded from 1995-2020 at the study site
to drive the simulation.

Simulating this system required representing agricultural practices (e.g., crop rotations, fertilization) before
and after the introduction of AD. To this end, a survey was conducted of four farms in the municipality of Naizin
that recently developed a collective AD project.
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Figure 2. Diagramm of the TNT2 model. ETP : evapotranspiration.

2.2.Presentation of the models

2.2.1. Soil and groundwater nitrogen fluxes modelling by the tool topography nitrogen tranfert and

transformations (TNT2)

TNT2 was used to simulate the fate of N in soil-crop-groundwater system scenarios (figure 2). It is a spatially
explicit agro-hydrological model (Beaujouan et al 2001) that combines a hydrological model inspired by the
model TOPMODEL (Beven 1997) with the agronomic crop and soil model STICS (Simulateur
mulTIdisciplinaire pour les cultures standard) (Brisson et al 1998). As such, it is designed to model plant growth
and N transfer and transformations in an agricultural watershed and plant growth based on soil and climate
conditions on a daily time step (Beaujouan et al 2002). Thus, it also predicts NO; leaching, which can percolate
below the soil and move in groundwater to the river.

STICS, developed at INRAE in France since 1996, simulates crop growth and soil water and N balances. It
follows a mechanistic approach that describes the biophysical processes that govern plant growth and exchanges
between crops and their environment (Brisson et al 2003). STICS simulates crop growth using daily weather data
to drive water and N balances of the soil, as well as interactions between roots and soil. It can predict agricultural
variables (e.g., yield, input consumption) and environmental variables (e.g., water dynamics, N losses) to help
assess agronomic and environmental performances of crops. It can be adapted to different crops using relevant
generic parameters for most crops and options in the model equations to represent the physiology and
management of each crop.

The hydrological submodel of TNT?2 is based on the assumption of TOPMODEL. It represents darcian
saturated flow, a hydraulic gradient that is constant and equal to the topographic slope, hydraulic transmissivity
that decreases exponentially as soil depth increases, runoff generated on saturated areas at valley bottoms, and
dynamics described by a succession of steady states (Beven and Kirkby 1979). TNT?2 uses a fixed grid to represent
the watershed, with each cell divided into horizontal slices of varying thickness to distinguish immobile water
from mobile water (Beaujouan et al 2002). The flows are vertical (downwards or upwards) in the unsaturated
zone and lateral in the saturated zone, with multidirectional flows between neighboring cells at lower elevations.
The topography of the watershed (calculated from a digital elevation model) is particularly important in the
model, since it determines the distribution of surface and groundwater flows (Beven et al 2021). TNT2 simulates
Hortonian runoff to represent the presence of poorly permeable areas. Hydrological parameters include
maximum transmissivity, the exponential decay coefficient of transmissivity, retention and drainage porosities,
the thicknesses of each layer considered, and infiltration rate, differentiated by soil type. To connect the two
models, the STICS model was slightly simplified and integrated into the TNT2 code using C+-+ (GNU Genral
Public License (GNU GPL)).

We used the parameters that had been calibrated in previous studies of the Kervidy-Naizin watershed (Casal
etal 2019). Since the present study compared multiple scenarios, no calibration or validation was performed,
and we assumed that the many studies that had used TN'T2 in similar contexts provided sufficient confidence in
the applicability and robustness of the model. The scenarios were simulated for 25 years (1995-2020) using the
climate data record for Agrhys observatory.
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Table 1. Characteristics of the inputs for the anaerobic digester in the simulated scenarios. All data came frome the MéthaSim database.
BMP : biochemical methane potiential, ECC: energy cover crop, NH, : ammonium content.

Naming inputs BMP (m® CH,/t Organic matter) ~ Drymatter (kg/t)  Organic matter (kg/t)  Total N (kgN/t)  NH, (kgN/t)

Pigslurry 323 443 33.2 3.7 2.22
Maize stalks 294 793 750.9 8.7 0.2
Cereal straw 261 873 739.4 4.7 1.23
Green rye (ECC) 389 197 181.04 4.3 1.38
Grass 303 158 140 4.8 0.01

2.2.2. Modelling of nitrogen fluxes from animals and the effluents management
Because pigs had a strong influence on the farm’s N dynamics, N input and output flows related to pig production
were modelled using reference data used by the French administration (Légifrance 2016) to estimate N flows at the
farm level. For the pig system, N enters through the purchase of post-weaning piglets and leaves through pig
excretions, gaseous emissions, and the sale of fattened pigs. The piglets have a mean liveweight of 31 kg upon arrival
(Légifrance 2016) and are sold at 118 kg. To calculate the corresponding N input and output flows from animals,
the following equation was used from Dourmad et al (2016): number of pigs/yr x 0.02456 X liveweight.

N excretion was estimated assuming that each pig excreted 4.56 kg N/pig.yr (CORPEN 2004), while gaseous
N emissions were calculated as excreted N minus spreadable N. Spreadable N amount comes from
(Légifrance 2016), and is equal to 3.17 kg N/pig.yr. These N losses correspond mainly to ammonia (NH3)
emissions from building and storage. We assumed that gaseous N emissions did not differ among scenarios (i.e.,
regardless of the presence of AD), assuming that AD did not influence gaseous emissions from buildings and
influenced those from storage only slightly. Indeed, raw livestock waste is stored for a shorter period with AD,
which decreases associated gaseous emissions, than without AD. However, emission after AD due to the increase
in the ammonium content and pH are higher, which results in an unclear trend in gaseous N emissions for the
entire chain. Both livestock waste and digestate could be covered during storage, which would reduce their
gaseous emissions.

The amount of N in the feed was calculated as the N retained plus N excreted by the pigs.

2.2.3. Modelling of anaerobic digestion

Predicting biogas production was of paramount importance since it assessed the energy-production potential of
each AD scenario. The biogas production in each scenario was calculated using data from the French MéthaSim
database (IFIP 2021), which provided the characteristics of each input (table 1). The biogaz production was
assumed to be 80% of biochemical methane potential.

The amount of digestate (t fresh matter) was calculated by summing all of the inputs and then allocated to the
crops on the farm. N enters the digester in organic form and exits mainly in the form of reduced inorganic N
(NHj3). The total amount of N that enters AD equals the amount that exits, but the content of inorganic N
increases after AD, while that of organic N decreases (Quideau et al 2013). The mineral content in the digestate
was estimated at 75% for scenarios.

2.2.4. Description of the scenarios

Four scenarios were constructed to explore different options possible for a pig farm when adopting AD. We
considered here changes that have already been observed in real farms and strived to make the scenarios as
comparable as possible with respect to dimensions not directly related to AD. In particular, the total area of the
farm and the number of pigs produced were kept constant. The four scenarios considered were: a baseline before
the introduction of AD (50), AD with adjusted fertilization (S1), AD with unadjusted fertilization (52), and
agroecological AD (S3) (table 2).

2.2.4.1. Baseline scenario without anaerobic digestion (S0)

The baseline scenario (S0) was based on current data from pig farms without AD (figure 3). The cropping system consists
of crop rotations used to produce pig feed (35% grain maize, 30% wheat, and 10% barley, overall) or sold as cash crops
(10% potatoes, 10% green beans, and 5% rapeseed, overall). In compliance with current regulations in Brittany, CC are
grown between the main crops (ryegrass between winter and spring crops, mustard between winter crops), not fertilized,
and buried at the end of their cycle. The residues of the main crops (including stalks) are also buried, and the straw is sold.
The main crops are fertilized with pig slurry (at 66% for mineral content) and inorganic fertilizers up to the regulatory
limits of total N load to the soil of ca. 210 kgha ™' yr " and organic N'load of 170 kg/ha /yr. All excess slurry is exported.




Table 2. Summary of the four scenarios (Scen.) simulated. Cover crop coverage of the sub-watershed studied includes catch crops (CC) (ryegrass and mustard) and an energy cover crop (ECC) (green rye). The ammonia (NH3) emission
factors (EF) are those used for buried or unburied slurry or digestate.

NH; EF
Sce. Definition Cover crop coverage Fertilization Description
Buried Unburied
S0 No anaerobic digestion 58% in CC Pig slurry + inorganic 5% 17% Based on current practices (Naizin farm). All excess slurry was exported.
fertilizers

S1 Anaerobic digestion and adjusted 14% in CC + 42% Raw digestate + inorganic 13% 25% Incorporation of ECC. Organic fertilization replaced with digestate (up to the limit of 170
fertilization inECC fertilizers kg N/ha). All excess digestate was exported.

S2 Anaerobic digestion and non-adjusted 14% in CC 4 42% Raw digestate + inorganic 13% 25% Incorporation of ECC. Organic fertilization replaced with digestate (exceeds the limit of
fertilization inECC fertilizers 170 kg N /ha). All excess digestate was exported

S3 Agroecological scenario 12% in CC +- 40% Raw digestate + inorganic 13% 25% Incorporation of ECC. Introduction of 10% of permanent grassland into the cropping

inECC fertilizers system. All excess digestate was exported
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For this scenario, an NH; emission factor at spreading of 5% or 17% was used when the slurry was buried or not buried,

respectively.

2.2.4.2. Scenario with anaerobic digestion and adjusted fertilization (S1)

In scenario S1, a digester was introduced into the farm (figure 4). The cropping system is similar to SO as much as
possible, but when possible, the CC are replaced with the ECC (i.e., green rye, commonly grown as an ECC in
Brittany). Replacing CC with an ECC aims to avoid competition with main crops, but the growth cycle of certain
ones, such as maize, still needed to be shortened to insure a sufficient growing time for the ECC. The remaining
CC (during short periods between crops) were still buried. The residues of the main crops (including stalks) are
also buried and the straw is sold.The crop residues, ECC, and pig manure are fed into the digester. The main
crops are fertilized with raw liquid digestate and inorganic fertilizers. The ECC was fertilized with raw liquid
digestate at ca. 100 kg N/ha. To meet the regulatory limits and have the same total N load to the soil as in SO,
fertilization of the main crops was reduced accordingly. For this and the other AD scenarios (52 and $3), an NH;

emission factor of 13% or 25% was used when the digestate was buried or not buried, respectively.

2.2.4.3. Scenario with anaerobic digestion and unadjusted fertilization (S2)

In scenario S2, the system was similar to that in S1, but fertilization of the main crops was not reduced, which
increased the total N load to the soil (figure 4). The objective was to simulate a relatively common situation in
which the farmer does not consider the increased N load caused by fertilizing ECC. All excess digestate was

exported.
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2.2.4.4. Agroecological scenario S3

Agroecology is an approach to agriculture that aims to develop ecologically sustainable and socially equitable
agricultural production systems (Wezel ef al 2009). It integrates agricultural practices that minimize the use of
chemicals and promote biodiversity while improving soil quality and long-term productivity (Altieri 2018).
Among these practices, permanent grassland can be introduced into a farm with AD and its biomass fed into the
digester. Thus, the grassland is used as an ECC (McEniry and O’Kiely 2013), as in other bio-energetic systems
(Prochnow et al 2009).

In scenario S3 (figure 5), ca. 10% of the watershed area near the stream was converted into permanent
grassland composed of a mixture of ryegrass and clover. This grassland was not fertilized and was mown four
times per year (i.e., May, June, July, and October).

Thelocation (figure 6) near the stream was chosen because of its potential to intercept N leached from
upslope (Casal etal 2019).

To summarize differences among the scenarios, we calculated seven performance indices: N-use efficiency
of the farm (Gross NUE) and cropping system (Soil NUE), proportion of the total N input lost to water,
(Nw/Nin) or the atmosphere (Natm/Nin), proportion of the total N input transformed into food products
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Table 3. Nitrogen (N)-related performance indices calculated to assess the scenarios. All
variables are in kg N /ha/yr except for Biog (m>/yr).

Index Description and equation
Gross NUE N-use efficiency of the farm:

= (Ncrops + Npigs + Nwaste)/(Nfert + Natm + Npp + Npfeed)
Soil NUE N-use efficiency of the cropping system:

= (Ncrops + Nafeed + Nec)/(Nfert + Norg + Natm + Nbf)
Nw/Nin Proportion of the total N input lost to water:

= Nno3/(Nfert + Natm + Nbf + Npp + Npfeed)
Natm/Nin Proportion of the total N input lost to the atmosphere:

= (Nnh3 + Ndenit)/(Nfert + Natm + Nbf + Npp + Npfeed)
Nexpfood/Nin Proportion of the total N input transformed into food products:

= (Ncrops + Npigs + Nwaste)/(Nfert + Natm + Npp + Npfeed)
Biog/Nin Biogas production per kg of N input:

= Biog/(Nfert + Natm + Nbf + Npp + Npfeed)
N orgsoil Organic soil nitrogen conservation :

=0if AN > 0:

= —AN/(Ncrop + Nafeed + Nec)if AN < 0

(Nexpfood/Nin), biogas production per kg of N input (Biog/Nin), and (N org soil) organic soil conservation
(table 3).

Variable abbreviations: Ncrops: nitrogen (N) exported by harvested crops, Nwaste: N in pig waste, Nafeed: N
in the grain harvested to produce feed for the farm, Nec: N in the biomass harvested for the digester, Npigs: N in
sold pigs, Npp: N in purchased piglets, Npfeed: N in purchased feed, Nno3: N load as nitrate at the outlet, Nnh3:
Nload as ammonia emitted in the fields, Ndenit: denitrification load, Natm: atmospheric N deposition, Nbf:
biological N fixation, AN: change in soil organic N content, Biog: biogas production.

3. Results

3.1. Impact of scenarios on water quality at the outlet
After 25 simulated years, cumulative NO; losses at the outlet of scenarios S1 and S2 were 1.89% and 12.2%
larger, respectively, than those of SO, while those of S3 were 15.1% lower (figure 7). Differences among the
scenarios became visible after five years, and seemed to stabilize after 20 years. The average mean annual flow for
the last five years for the four scenarios are, respectively, 30 Kg N /ha, 31 KgN/ha, 35 Kg N /haand 25 Kg N /ha.
Since the water flux at the outlet is similar for the four scenarios, these differences are also visible for the
concentrations (figure 8). The average concentration for the last five years for the four scenarios (S0, S1, S2 and
S3)are, respectively 46 gm ™ >,46gm 2,53gm “and 36 gm .

3.2.Impact of scenarios on total nitrogen flow at the farm level
Annual N inflows to and outflows from the soil for the scenarios were represented using Sankey diagrams
(figure 9). The N inflows included atmospheric deposition, biological N fixation, inorganic fertilization, and
organic fertilization (pig slurry in SO and digestate in S1, S2, and S3). Inorganic fertilization was relatively similar
among the scenarios. By construction, organic fertilization was highest in S2 and lowest in S3, while biological N
fixation was the highest in S3 due to the grassland legumes. Denitrification in SO was slightly higher than that in
S1 and S3 and nearly equivalent to that in S2 (ca. 18, 16, 15, and 19 kg N/ha/yr, respectively). NH; volatilization
from the fields was highest in S2, followed by S0, S1, and S3 (ca. 21, 18, 17, and 15 kg N/ha/yr, respectively). NH;
losses in the building and during storage were the same for all four scenarios (74 kg N/ha/yr) because they had
the same number of pigs, and we assumed that emissions from slurry and digestate did not differ during storage.

Organic N and carbon were stored in the soil in SO, while soil organic matter decreased in the other three
scenarios, butless so in §3 than in S1 and S2. The assumption that stalks are left in the field in SO but fed to the
digester in the other scenarios explains the increase in N export in harvested cereals in the latter. Specifically,
grain production decreased slightly in S2 but more in S3 and S1. In addition, S3 produced 5% more biogas than
did S1 and S2, which produced similar amounts.

The dotted frame represent the boundaries of pig farming, and the arrows represent input, output, and
incoming flows into the system

The profiles of the indices of the scenarios (figure 10) illustrated the main features of each scenario. SO
produced food without mining N from the soil, but lost more NO; and had alow NUE. S1 had higher Soil NUE
but performed poorly in terms of soil N mining and production, and emitted more pollutants than SO due to
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Figure 7. Cumulative nitrogen flow at the outlet of the sub-watershed predicted by TNT2 from 1995-2020.
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Figure 8. Mean nitrogen concentration at the outlet of the sub-watershed predicted by TNT2 from 1995-2020.

increased NH; volatilization. S2 was the most efficient in terms of production (i.e., biogas and food) but also the
most polluting. S3 had good performances for NUE, environmental losses and biogas production, but at the
expense of less food and feed production.

4. Discussion

Modeling with TNT?2 allowed us to compare a set of realistic changes induced by the introduction of biogas
production on a pig farm and predict its long-term effects on NO; losses at the watershed scale. Comparing
scenarios without changing TNT2’s parameters limited uncertainty in the predictions, but epistemic
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uncertainties due to the model structure and equations remained (Walker et al 2003) and could be assessed only
by using an ensemble modeling approach (i.e., using different models with the same inputs), which lay beyond
the scope of this study. Moreover, the specific soil and climate contexts and characteristics of the simulated farm
call for caution when generalizing the conclusions to other locations. Indeed, pig farming systems are very
diverse and the purpose of this study was not to represent this diversity. The farm used here is fairly typical for
Western Europe, where pig farming is associated with grain production providing part of the feeding of the pigs.
Having adopted a process-based, systemic approach provides useful insights into the main factors that influence
the environmental impacts of agricultural biogas production, but the magnitude of these impacts will be specific
of the context. Therefore, we are confident that the results confirmed the initial hypothesis that the impact of AD
on water quality depends mainly on the changes in practices induced by the need to feed the digester
(Msller 2015).

Scenarios SO and S1 had similar predicted NO; losses at the outlet, which suggests that replacing slurry with
digestate does not increase NO; leaching. This result is consistent with those of previous studies: when spreading
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practices are similar and an equivalent amount of effective N is applied, digested pig slurry generally has a risk of
leaching similar to that of undigested pig slurry (Méller and Stinner 2009, Nicholson et al 2017).

Furthermore, replacing CC with ECC, even when fertilized, did not influence leaching greatly when the total
amount of N applied per year was similar. It is possible that exporting crop residues rather than incorporating
them into the soil compensates for the increased risk of NO; leaching due to fertilization. In addition, in S1,
fertilization of the main crops was reduced, which can decrease the amount of N left in the soil after harvest
(Malone et al 2018). In comparison, in S2, in which fertilization of the main crops was not reduced, the amount
of NOj leaching increased, meaning that NOj; leaching tends to increase as theamount by which the regulatory
limit is exceeded increases. This highlights the importance of managing the entire crop rotation optimally
(Launay et al 2022), particularly its N fertilization.

Specialization and intensification of livestock production systems have changed land use, and the area of
permanent grassland has decreased in many regions, either because they are converted to annual crop
successions or abandoned and becam fallow land. Given the environmental benefits of permanent grassland,
producing energy from its biomass can be one way to reverse this trend (Khalsa et al 2014). Indeed, feeding grass
from grassland into on-farm digesters is expected to become more common in northwestern Europe (McEniry
and O’Kiely 2013). In agreement with many other studies (e.g., Jankowska-Huflejt (2006) and Malik et al
(2022)), introducing extensively managed grassland in S3 decreased NO; losses effectively.

Denitrification was highest in S0 and S2, likely due to the larger total N load to the soil for S2 (Mulvaney et al
1997) and the plowing of the CC in late winter for SO. The denitrification rate is controlled mainly by the amount
of NOj in soils in wet conditions (Friedl et al 2016). Detailed studies of reduction processes in wet soils in
Brittany (Jaffrézic 1997) show that anoxic conditions prevail when the soils are still wet and drainage slows down
(i.e., usually in late February-March). Some processes, such as N20 emissions due to nitrification of ammonium
applied, are not considered in this version of the model. However, considering that this process represent usually
less than 1% of the nitrogen applied (Charles et al 2017) and that ammonium content in digestate and slurry are
similar, this overlooked process is not likely to bias the results.

Our results suggest a loss of soil organic matter in the soil under anaerobic digestion scenarios, contrary to
several studies (Launay et al 2022, Levavasseur et al 2023). This divergence could be attributed to several factors.
First, we used the same decomposition parameters for digestate as for pig slurry, although its residual organic
matter is probably more resistant. Second, the maize stalks are not buried but rather exported to the digester,
which makes a significant difference in the organic input to the soil. This result should therefore be considered
with caution.

Field NH; volatilization depends mainly on the amounts and types of fertilizers applied and the spreading
technique (Launay et al 2022), which are the factors used in TNT2 to estimate it. Fertilization with digestate was
assumed to have a higher volatilization rate (S1, S2, and S3) than fertilization with slurry (S0) due to digestate’s
higher proportion of reduced inorganic N and higher pH (Moller 2015). Several studies have shown that
fertilization with digestates has higher NH; volatilization than does fertilization with raw livestock waste (Moller
and Stinner 2009, Nietal 2012, Crolla etal 2013, Lili et al 2016, Nicholson et al 2017). However, we used
relatively low volatilization factors as compared to these references, considering that volatilization could be
reduced through phase separation of the digestate (Svehla et al 2020) and/or less-polluting application
techniques, such as injection (Riva et al 2016, Maris et al 2021).

We chose to limit the changes to a small set of practices to facilitate identification of the main controlling
processes. Introducing AD likely induces a wider range of changes, and their effects on farm finances modify the
priorities and investment capacities of farmers, leading to more radical changes in the production system.

The index profiles highlight the importance of using multiple criteria to assess the performances of a given
system. In particular, they show the limits of using NUE as the only criterion: Soil NUE for S3 was highest when
including digestate export, but the lowest when considering food and feed production only (Nexpfood/Nin); in
contrast, S2 had higher NUE than SO but emitted much larger amounts of pollutants.

5. Conclusion and perspectives

Biogas production has become a full-fledged agricultural practice, but its environmental impacts, both positive
and negative, are still under debate. The study clearly demonstrated that changes in practices induced by AD can
increase or decrease water quality. The cropping system associated with AD is the most influential factor: the
crop rotation and management of fertilization and residues influence the overall sustainability of the system. It is
possible to design systems that increase biogas and digestate production while maintaining water quality, but at
the expense of food and feed production.

The four scenarios were tested through modeling, which enabled exploration of multiple options and
increased understanding of the impacts of digester on water quality in a pig farming system. Other performances
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of the scenarios tested (e.g., other ecosystem services, biotechnical feasibility, profitability) remain to be assessed.
Based on this information, policy makers could design measures to promote the most sustainable practices.
TNT2 will be used to test other scenarios, including those for dairy or crop farms, with the final aim of upscaling
simulations to a larger watershed.

Although this study is based on a single situation, the farming system modelled here includes the most
typical features of pig breeding farms in the major temperate regions of production: high density of animals,
large amount of manure to manage, winter and spring crops in rotation. Consequently, if the magnitudes of
fluxes presented here cannot be simply extrapolated, the main conclusions and the approach could be easily
transposed to other regions. Indeed, the present study shows that environmental assessment of agricultural AD
requires a comprehensive and systemic approach and is an invitation to generalize this type of approach to other
contexts.
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