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Abstract: Manure acidification has been introduced as an abatement to reduce ammonia (NH3) 
emissions to improve air quality and protect terrestrial and aquatic environments from nitrogen 
deposition. A successful regulation of NH3 emissions using manure acidification might, however, 
result in increased nitrogen leaching from fertilized fields with adverse effects on freshwater and 
marine ecosystems, if the overall fertilizer application rate in the fields is not adjusted according to 
the increased fertilizer value of the manure. We apply a holistic model framework encapsulating all 
important environmental compartments to assess the ecological and economic consequences of a 
specific agricultural practice or a combination of these. The results show that manure acidification 
combined with air cleaners reduces NH3 emission and atmospheric nitrogen deposition with 
substantial positive effects on the terrestrial environment. Although manure acidification results in 
a slight increase in total nitrogen input into freshwater and marine ecosystems, the subsequent 
increase in chlorophyll a concentration and decrease in water transparency is insignificant. Hence, 
according to the model results, manure acidification will improve terrestrial nature quality, with no 
significant adverse effects on the aquatic environments. 

Keywords: agricultural practice; manure; mitigation methods; pollution swapping; atmospheric 
deposition; environmental effects; eutrophication; cost efficiency 
 

1. Introduction 
Since the 1950s, anthropogenic activities have altered the nitrogen (N) cycle 

significantly. The global anthropogenic production and use of reactive nitrogen (Nr) is 
now approximately three-fold higher than the production caused by natural terrestrial 
processes [1]. The increased anthropogenic use of Nr is related to negative impacts on the 
environment, including natural terrestrial habitats and aquatic ecosystems, and human 
health (as reviewed by [2]). Reactive nitrogen is typically emitted as the chemical forms 
of reduced nitrogen (ammonia (NH3) and ammonium (NH4+)) and oxidized nitrogen 
(nitrogen oxides (NOx), nitrate (NO3−) and others). The many forms can interreact and 
transform and have a cascade of effects through different compartments of the 
environment [3,4], where it is continuously accumulating [5]. In the atmospheric 
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compartment, Nr contributes to the formation of particulate matter and adds thereby to 
negative impacts on human health [6–8]. After removal from the atmosphere (by dry or 
wet deposition), Nr is a major driver of biodiversity loss and can lead to reduced resilience 
of terrestrial ecosystems [9,10]. Freshwater and marine environments also receive nitrogen 
from the atmosphere, but mainly through run-off from land, causing large problems with 
eutrophication leading to algae blooms, decreased water transparency and oxygen 
deficiency [11–14] (. The costs of reducing the N loads to terrestrial and aquatic 
environments have increased with more extensive load reduction requirements [15], but 
assessments indicate that the benefits exceed the costs [16,17]. 

The agricultural sector is a major contributor to the emission of Nr into the 
atmosphere. At the European Union scale (EU-28), the total NH3 emission in 2018 was 
3853 kt NH3 [18], of which 93% (3578 kt) had its origin in the agricultural sector. Only 
moderate reductions have been obtained for NH3 within EU-28 in the last decades, 
compared to other important air pollutants like SOx and NOx. Reduction targets for NH3 
have therefore been set for many European countries [19], which urge the agricultural 
sector to apply new technologies that minimize the emissions related, e.g., to manure 
handling. The total NH3 from animal manure from EU-28 can be estimated from the 
individual countries’ submissions to the LRTAP Convention [20] to have been about 2809 
kt NH3 in 2018. Of this, only 183 kt NH3 was due to urine and manure deposited directly 
during grazing. The remaining 2625 kt NH3 came from emissions from animal manure in 
livestock buildings, which thus constitutes about 68% of total EU-28 emissions. This share 
can be technically manipulated in a number of different ways. This includes technologies 
that can be both simple, such as coverage of manure stores and fast incorporation of field-
applied manure, to very advanced air-scrubbers or liquid manure injection into the soil. 

Agriculture is an important sector in Denmark and more than 60% of the land is used 
for farming [21]. Through the years, a number of policy action plans for protecting the 
terrestrial, marine and freshwater environments have been implemented [21]. To support 
that, research related to effects, abatement technologies, emission factors and the 
transformation/transport in the atmosphere and hydrosphere has been carried out for 
many years and has supported the use of cost-effective measures [22,23]. 

Acidification of manure slurry has been recognized as an effective NH3 emission 
abatement technology and has been used by farmers in Denmark for a number of years 
[24–26]. This method reduces the formation and evaporation of NH3, and Nr is kept in the 
manure as NH4+. Sulfuric acid (H2SO4) is normally used to acidify the manure and 
approximately 6–12 kg of concentrated H2SO4 per m3 slurry is required to reach a pH of 
max 6 in the manure [25,27]. Based on a meta-analysis including abatement methods 
related to slurry treatment, storage and application, acidification was found to be the most 
effective [28]. Manure acidification can take place in different ways: (1) in the barn (barn 
acidification), (2) in the storage tank (storage acidification) and (3) at the slurry tanker 
during field application (field acidification). All three technologies are offered today by 
different companies and approximately 10–12% of the slurry spread on fields in Denmark 
in 2017 was acidified [29]. 

Although manure acidification is known to be an efficient abatement measure for 
reducing NH3 emission into the atmosphere, potentially leading to a reduced N 
deposition, the acidification technology could also result in increased leaching of Nr from 
fertilized fields, with adverse environmental effects on marine and freshwater systems. 
Hence, successful management and regulation of NH3 emissions might lead to pollution 
swapping [30] and result in an increase in solute Nr forms polluting the aquatic 
environment. The risk of unintended pollution swapping can be investigated by applying 
integrated and holistic management approaches. By following the fate of Nr in detail, a 
holistic approach covering the flow between the main environmental compartments can 
ensure that an improvement in one compartment is not counteracted by deterioration in 
another compartment. 
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We therefore applied a holistic methodology of a coupled model system to test the 
following hypothesis. 

Manure acidification in the barn, combined with air cleaners, reduces NH3 emissions 
into the atmosphere, resulting in reduced Nr deposition with positive effects on terrestrial 
ecosystems. This could, however, potentially lead to increased Nr leaching from fertilized 
soils, resulting in increased riverine Nr loading with subsequent negative effects on 
marine and freshwater systems. 

The hypothesis will be tested by applying the DEEMON (Dynamic Ecological and 
Economic Models of Nutrients) system for a selected area in Denmark. 

2. Material and Methods 
The DEEMON model system is based on existing state-of-the-art models of Nr 

dynamics in relevant environmental compartments, combined and customized to provide 
insights into the ecological and economic consequences of different management 
strategies related to Nr regulation of the agricultural sector. An overview of the system 
and the flows between the compartments are shown in Figure 1. In the following sections, 
the study area and the emission scenarios are described. Then the setup of the different 
models (DEHM, SWAT, GOTM-FABM-PCLake and PLS), as well as the methods for 
quantifying the resulting effects, are described. 

 
Figure 1. A schematic overview of the DEEMON model system linking the main compartments of 
the environment. The atmosphere compartment is described by the DEHM model; the watershed is 
described by the SWAT model, while the aquatic areas are described by the GOTM-FABM-PCLake 
and PLS models. Quantification of exceedances of critical loads were used to study the effects on 
terrestrial nature, and the economic consequences of solutions are estimated as changes in 
abatement costs for Nr reductions into air and the aquatic environment. 

2.1. Study Area 
The model system has been set up for an area in the northern part of Denmark. The 

area covers the Limfjord—a 180 km long branched sound connecting the North Sea and 
Kattegat—and the associated catchment areas. The study area has been chosen as it covers 
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an intensive and important agricultural region of Denmark, as well as Limfjorden, the 
largest estuary in Denmark, important for several bird species, marine mammals and for 
the Danish shellfish industry (Figure 2). 

 
Figure 2. A map of Denmark and the location of the Limfjord with its catchment area divided into 
118 sub-basins constituting the study area. The catchment area contains the two lakes Klejstrup and 
Tjele Langsø, as well as large terrestrial nature areas. The zoom to the right shows the six marine 
areas of the Limfjord in different colors: 1. Nissum Bredning, 2. Thisted Bredning, 3. Løgstør 
Bredning, 4. Skive Fjord–Lovns bredning–Riisgårde Bredning, 5. Hjarbæk Fjord and 6. Nibe Bred-
ning. 

Limfjorden is a complex shallow sound (mean depth of about 5 m) with numerous 
branches, broads, islands and sills and a total area of 1500 km2. Limfjorden is eutrophic 
because of the input of nutrients from the catchment area, as well as from the North Sea 
and the atmosphere [31]. The phytoplankton concentration is high and seasonal eutroph-
ication-induced oxygen depletion events occur every year, especially in the middle part 
of the fjord (Figure 2, basin 2 and 4). The catchment area is about 7.600 km2, of which more 
than 65% is intensively farmed with a livestock density of 1.3 livestock/ha, which is higher 
than the average for Denmark [32,33]. Mean annual (1990–2019) precipitation (corrected 
for gauge under catch) is approximately 883 mm y−1, with no pronounced seasonality [34]. 
The catchment has a mean annual (1990–2019) runoff of about 344 mm y−1 and the mean 
annual nitrogen load to the Limfjord for the years 2010–2019 is estimated to be about 
12.500 ton-N y−1 [35]. Although the Limfjorden catchment area is intensively farmed, 
about 624 km2 of valuable and protected terrestrial nature and about 246 km2 of lakes are 
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located within the catchment area. The catchment has 180 km2 salt meadows, 94 km2 
meadows, 196 km2 semi-natural dry grasslands, 136 km2 heathland and 29 km2 forest pro-
tected under the Habitat Directive. These areas have a high biodiversity of both flora and 
fauna, including a variety of migrating and stationary bird species. Several streams and 
small lakes are located in the catchment area, including lakes Klejtrup and Tjele Langsø, 
two typical Danish lakes with a mean depth of 2.7 m and 17 m, respectively. Both lakes 
receive nutrients from the catchment, as well as from the atmosphere, and drain into the 
Limfjord. Like most other Danish lakes, Klejtrup and Tjele Langsø are eutrophic with high 
phytoplankton concentrations, occasional cyanobacteria blooms and low water transpar-
ency; especially during the growth season. During summer, the deep Tjele Langsø also 
experiences an annually reoccurring period of oxygen depletion where the lake is ther-
mally stratified. 

2.2. Baseline and Emission Scenario 
A baseline and an emission scenario have been set up and details of the data and 

methods applied are given below. The main characteristics of the scenarios are: 
• The baseline scenario reflects the actual agricultural situation and practice in Den-

mark in 2012. This includes type, size and location of animal houses and storage fa-
cilities, field location, crop types and manure application, as well as the actual NH3 
emission and N content in manure. 

• The emission scenario assumes the same conditions as in the baseline scenario, but 
with: 
1. Barn acidification of all cattle and pig manure slurry at all Danish farms regard-

less of size of the farm. It is assumed that the barn acidification will have a full 
effect on the subsequent NH3 emission from storage and from manure applica-
tion. 

2. Air cleaning at all poultry farms in Denmark. 

2.2.1. Manure Production and NH3 Emission from Animal Houses and from Field Appli-
cation (Baseline Scenario) 
NH3 Emission from Animal Houses and Storage Facilities 

Data on manure production (rate, type and location), nitrogen excretion and NH3 
emission used in the baseline scenario are based on the farmers’ nitrogen accounting for 
2012, which includes 97–99% of the total amount of nitrogen in animal manure in Den-
mark. The farmers’ reporting on nitrogen excretion rates is generally based on the norma-
tive Danish nitrogen accounting system [36] and corrections by the individual farmers to 
their own feeding and production efficacy rates. In the current setup, the estimated emis-
sion from housing and storage was 34.4 kt NH3-N for 2012. 

NH3 Emission from Field Application 
NH3 emissions from field applications are based on the emission model described in 

[37]. This model includes knowledge of each field: crop and location and the farmer’s ni-
trogen accounting for the amount of nitrogen in animal manure available on that specific 
farm (production minus export and plus import). The NH3 emission from each field dif-
fers depending on the crop. The model encompasses six different crop types and five ap-
plication times. The emission factors are estimated with ALFAM 1.0 [38] combined with 
new measurements included in the ALFAM2 model [39] corrected for actual temperatures 
during manure application combined with expert judgement. The emission factors (EFs) 
for acidified manure have been adjusted to a general value of 50% for untreated manure. 
The currently used emission factors for slurry application range between 0.85 and 17.8% 
of total N depending on crop type and time of manure application [40]. The total NH3 
emission from manure application in Denmark amounts to 12.7 kt NH3-N in the current 
study for 2012. 
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2.2.2. Effects of Acidification and Air Cleaning on NH3 Emission (Emission Scenario) 
The emission scenario is constructed from the baseline scenario by applying docu-

mented effects (relative reduction factors) of acidification and air cleaners on NH3 emis-
sion rates from barns and fields, as well as effects (relative increase) of acidification on 
nitrogen content in the manure. 

Effects of Barn Measures on NH3 Emission 
It is assumed that barn acidification reduces NH3 emissions by 65% from the barn 

and storage facility and during field application (Table 1). The acidification is assumed to 
take place inside the animal houses. Thereby, the ammonia emissions from the animal 
houses and storage facilities and from manure applied in the field are lowered. 

Table 1. Relative reduction factors in NH3 emission that are due to barn acidification and air cleaners 
compared to untreated barns in the baseline scenario. Source: [8,41]. 

Source of Emission Measure Animal Houses 
Cattle Barn acidification 65% 
Pigs Barn acidification 65% 

Poultry (full-time housed) Air cleaners 75% 
Poultry (free range) Air cleaners 37.5% 

A number of biological air purification tests have been conducted on different biologi-
cal air cleaners in Denmark [42,43] showing results of reduction efficiency on ammonia 
emission from 94% to 77%. In our scenario, air cleaners are installed in all poultry houses 
with an assumed efficiency of 75% compared to barns with no air cleaners (Table 1). 

Effects of Acidification on Nitrogen Content in Manure 
Manure acidification not only results in a reduced ammonia emissions but also in an 

increased content of nitrogen within manure available for field application. As the input 
data for the current situation (baseline scenario) are actual farm data describing the 
amount of nitrogen in the manure before field application, the amount of nitrogen in ma-
nure in the scenario has been increased with the avoided ammonia emission. This in-
creases the fertilizer value of the manure (Table 2). As solid manure cannot be acidified, 
changes in the ammonia emission from solid manure and deep litter are not included in 
the scenario. 

Table 2. Change in nitrogen content in animal manure that are due to acidification relative to un-
treated manure slurry in the baseline scenario. 

Manure Source Change in Nitrogen Content 
Cattle 110% 

Pig 114% 
Mixture cattle and pig 112% 

2.2.3. Summarizing Input Data Used in Baseline and Emission Scenario 
The data characterizing the baseline and emission scenario, including data on type 

and amount of manure, ammonia emission from barns and manure storage facilities and 
nitrogen in manure applied to soil, as well as the effects of manure acidification and air 
cleaners, are summarized in Table 3. In the table, the input values for both scenarios are 
aggregated to national scale; however, the emissions cover all of Denmark with a special 
resolution of 1 km2 in the further calculations. 

Table 3. Total yearly nitrogen from all animals in Denmark in manure and ammonia emission used 
in the baseline and emission scenario. Based on 2012 data. 
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 Baseline * Scenario  
[kt N] 

Emission * Scenario  
[kt N] 

National manure production incl. 
deposited during grazing 261.2 261.2 

NH3 emission, houses and storage  
[as NH3-N] 

34.4  13.7 

N applied to soil, excl. grazing 205.0 226.4 
NH3 emission, manure application  

[as NH3-N] 12.7 9.4 

N available for plants  192.3 216.9 
* Values for the baseline scenario are based on data from 2012 and values for the emission scenario 
are calculated from the baseline values using experimental determined changes in emission factors 
that are due to manure acidification and air cleaners, as described above. 

2.3. Atmospheric Transport and Deposition 
The Danish Eulerian hemispheric model (DEHM) is a chemistry-transport model de-

scribing the fate of air pollution in the atmosphere [44–46]. The model covers the Northern 
Hemisphere and includes several nests with higher resolution over specific regions. In the 
current setup, the area of Denmark is covered by a horizontal grid with a resolution of 
5.56 km × 5.56 km. The model describes the chemical transformation, transport and re-
moval of 67 different chemical species (gases and aerosols). Details on the driving mete-
orology, emissions and evaluation of the model are given in the supplementary. The an-
thropogenic emissions for Denmark are based on a detailed inventory on a 1 km × 1 km 
resolution grid based on the SPREAD (spatial distribution of emissions to air) model 
[47,48] and the temporal variation of the NH3 emissions from the agricultural area is based 
on a parameterization describing the impact of meteorology, regulation, production meth-
ods, etc. on the hourly emission [49,50]. 

In the current study two one-year simulations have been carried out: 
• The baseline with actual emissions for 2012. Here, the total yearly agricultural NH3 

emission amounts to 59 kt NH3-N for Denmark (this includes the emissions from 
houses, storage and manure application as given in Table 3, as well as emissions from 
crops and fertilizer use). 

• The scenario with acidification and air cleaners. Here the total yearly agricultural 
amounts to NH3 35 kt NH3-N for Denmark. 
The meteorological conditions have a significant impact on the overall deposition of 

N and also for the distribution between wet and dry deposition. Here we apply meteoro-
logical data for the year 2009, which in Denmark can be considered close to an “average” 
meteorological year in terms of wind direction and precipitation when compared to the 
previous 30-year period. 

2.4. SWAT Calculations of Riverine Nitrogen Loads 
The SWAT model (Soil and Water Assessment Tool, version 2009, [51] ) is set up for 

the North Jutland region and includes 182 sub-basins of which 118 drain into the Limfjord. 
Details on the input data (e.g., soil and climate data) and calibrations are given in the 
supplementary. The agricultural practice is included as 14 five-year crop rotations repre-
senting different forms of agriculture (pig farms, dairy farms, and arable farms at different 
fertilization intensities). The representation of agriculture in SWAT matches average re-
gional statistics on crop use (area covered and relationship to farm type) and fertilizer 
application (chemical and/or manure applied to what crop at what time in accordance to 
farm type) for the year 2005 [52,53]. 

The baseline and the emission scenario are simulated in the SWAT model by chang-
ing two different model inputs. The changes in atmospheric deposition, as obtained from 
the DEHM model, are incorporated by the NO3 concentration in rainfall. The changes in 
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nitrogen content in slurry (organic fertilizer) are incorporated by adjusting the nitrogen 
concentrations in the applied organic fertilizers (Table 3). 

2.5. Quantifying Effects on Freshwater Ecosystems 
Results of the SWAT model were used as input into the next model in the overall 

system, where the effects on the freshwater ecosystems in two typical Danish lakes are 
quantified. The GOTM-FABM-PCLake ecosystem model [54,55] was set up to represent a 
shallow and a deep Danish lake, represented by the lakes Klejtrup and Tjele Langsø (Fig-
ure 2). The model simulates a wide range of ecosystem state variables, which can help 
indicate the level of integrity of a freshwater ecosystem. We used total chlorophyll a and 
coverage of submerged macrophytes as indicators when estimating potential impacts of 
manure acidification on freshwater aquatic ecosystems. The baseline calculation for the 
two lakes included river and nutrient inflow boundary conditions based on a national 
model complex (DK-QNP) by [56] and local meteorological forcing (see the supplemen-
tary for detail). The changes in nitrogen runoff into waterways as simulated by the SWAT 
model were used to change the river boundary conditions for the lake ecosystem models, 
relative to the baseline calculation. Thereby could the changes in the two key state varia-
bles be quantified. 

2.6. Quantifying Effects on Terrestrial Ecosystems 
Critical loads for terrestrial ecosystems are defined as a quantitative estimate of an 

exposure to a pollutant, below which significant harmful effects on specified sensitive el-
ements of the environment do not occur [57]. Critical loads have been a highly successful 
tool in, especially, European air pollution policies addressing the widespread and severe 
problems of acidification and eutrophication caused by elevated sulfur and nitrogen dep-
ositions in the 1980s and 1990s [58]. In Denmark, biodiversity-based critical loads for ni-
trogen have been established and used in the assessment of air pollution effects on biodi-
versity based on a method developed by [59]. A coupled soil geochemical/plant occur-
rence model, VSD+/MOVE [60], was used to analyze scenarios for air pollution effects on 
biodiversity in Danish nature areas and to isolate the effect of air pollution from the effects 
of other pressures. A suitable indicator (no net loss of biodiversity compared to 1992 as 
reference year [61]) and criteria were established for biodiversity effects, and based on 
this, critical loads for a number of the Habitat Directives Annex 1 nature types have been 
calculated for different biodiversity targets. 

Exceedance of critical loads for five nature types in the Limfjord catchment were eval-
uated in the baseline scenario and in the emission scenario using maps of the nitrogen 
deposition from the DEHM model. For light-open nature not protected under the Habitat 
Directive but protected under the Danish Nature Protection Act (§ 3), median values of 
empirical-based critical loads have been used [62]. 

2.7. Quantifying Effects on Marine Ecosystems 
The effects on marine ecosystems caused by the changed input of nutrients in the 

scenario were quantified by the use of empirical models. These models were based on the 
time series of marine data and nutrient loadings from the national marine monitoring 
program (NOVANA), as well as on meteorological observations provided by the Danish 
Meteorological Institute. The empirical models were partial least squares (PLS) regression 
models, with summer chlorophyll a concentration and light attenuation as the dependent 
variables and eight independent variables consisting of N-loading (ton year−1), P-loading 
(ton year−1), freshwater inflow (m3 month−1), wind power (m3 s−3), surface irradiance (µmol 
photons m−2 s−1), salinity (psu), water column stability (s−1) and sea surface temperature 
(°C). An iterative process using cross-validated multiple linear regression (MLR), in com-
bination with stepwise exclusion of the explanatory variable that gave the lowest model 
error in the form of “Root Mean Square Error of Cross Validation”, was used for selecting 
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independent variables for each model (see the supplementary and [63] for details). The 
selected variables were used to produce a PLS regression and for each variable the root 
mean squared error of both the calibration data and the validation data was quantified 
and parameters that increased the error in the prediction of the validation data were left 
out. The PLS regression analysis was done in MATLAB® using a PLS program package 
from Eigenvector®. 

2.8. Quantifying the Abatement Costs Related to Nr Reductions from Acidification of Manure 
The abatement costs associated with barn acidification on all farms and air cleaning 

of all poultry farms are estimated based on data for investment and operating costs, in-
cluding labor costs, from [64], adjusted to the 2020 price level. The costs are estimated for 
farm size classes of between 75 and 950 livestock units for both cattle and pigs, as rela-
tively high investment costs result in decreasing costs per animal for increasing herd sizes. 
The costs at farm level are aggregated to the national level using data from the General 
Husbandry Register for the distribution of types and numbers of animals per farm. The 
dataset is from 2012 and is the same as the dataset used for the assessment of emissions in 
Section 2.2. 

The capital costs for acidification contain investments in equipment including the 
mixing tank and installation. The investment costs are annualized using an interest rate 
of 4%, and the lifetime of the investments related to acidification in the barns is set to 12 
years. The lifetime might be longer (15 years), so this is a conservative assumption. The 
operating costs for acidification also include an increase in the use of liming and labor, as 
well as energy consumption. The costs of air purification mainly constitute investment 
costs but also include operating costs for labor, change of filters, water and electricity, as 
well as maintenance. The assumed lifetime for the air purification is 10 years. For both 
cattle and pig production, the nitrogen efficiency of the manure will increase, and this 
increase can be measured as saved costs for fertilizers. The acid used enriches the manure 
and substitutes acid in fertilizers, and therefore reduced costs for both nitrogen fertilizers 
and sulfur are accounted for, using the price for sulfur and nitrogen fertilizers. 

The differentiation of the investment and operating costs on herd sizes as done in 
this assessment is supported by [65], who concluded that there are economics of scale, 
based on a review of studies. 

3. Results 
3.1. Changes in Nitrogen Deposition and Effects on Terrestrial Ecosystems 

The resulting atmospheric deposition of total Nr as simulated by the DEHM model 
is shown in Figure 3 for the baseline and scenario. 
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(a) 

 
(b) 

Figure 3. The modeled total deposition of Nr in the baseline (a) and the scenario (b) runs. From the 
5.56 km × 5.56 km inner nest of the DEHM model. The Limfjord area is indicated by the black box. 

The only difference between the simulations is that the Danish ammonia emissions 
are about 40% lower in the scenario. This reduces the total N deposition by about 11% on 
average for the Danish land areas, with some regional differences. 

The largest reduction is seen in the central and northern part of Jutland, where the 
agricultural activities in general are most intensive. In the Limfjord area, the N deposition 
is reduced by ca. 17% and the largest reductions are obtained in the deposition linked to 
dry deposition of NHx (Table 4). The overall deposition is unchanged in the southern part 
of Jutland, where the southwesterly winds lead to a large impact from sources in Germany 
and the rest of Europe. 

Table 4. The modeled annual depositions of NOx and NHx (wet and dry) into the Limfjord catch-
ment area and to the marine areas of the Limfjord in the two simulations. The total deposition and 
the change between the baseline and the scenario are also given. 

Deposition (kg ha−1 yr−1) Baseline Scenario Change (%) 
NOx wet 3.2 3.2 0 
NOx dry 1.9 2.0 6 
NHx wet 4.0 3.3 −17 
NHx dry 4.7 2.9 −39 

Total N dep 13.7 11.4 −17 

The modeled deposition with separate values for forest and light-open nature has 
been used to calculate the effects on terrestrial ecosystems, expressed as areas with an 
exceedance of critical loads. Habitat Directive Annex 1 nature types and light-open nature 
protected under the Danish Nature Conservation Act cover, in total, 62,400 ha in the Lim-
fjord catchment area (including a 2900 ha Annex 1 forest). In the baseline, the critical loads 
are exceeded in about 61% of the nature areas; this is reduced to about 54% of the area in 
the acidification scenario. The average accumulated exceedance is ca. 4.5 kg N ha−1y−1 in 
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the baseline and is reduced to 2.8 kg N ha−1y−1 in the scenario. The exceedances at the main 
ecosystem types are given in Table 5. The largest changes are seen for the nature types 
dune, heath, dry grassland, and Annex 1 forest, where present depositions overlap the 
critical loads. The more sensitive nature types such as sensitive mires, bogs and fens have 
a critical load interval of 5–10 kg N ha−1y−1, and for these ecosystems the critical load is 
exceeded in nearly 100% of the areas in both the baseline and in the scenario. 

Table 5. Percentage areas on which critical loads are exceeded in the baseline and scenario. 

Area Type Baseline Scenario 
Annex 1 forest 90.0 42.1 

Dune 86.0 68.2 
Heath 32.5 18.9 

Dry grassland 25.7 12.3 
Sensitive mire, bog and fen 98.4 98.4 

3.2. Changes in N Input to Limfjorden and Effects on Marine Ecosystem 
The changes in nitrogen load to the marine areas as estimated by the SWAT model 

are given in Table 6. 

Table 6. Percentage change between baseline and scenario in nitrogen load to the six marine areas 
(shown in Figure 2). 

Marine Area NO3  NH4+ NO2 Tot N 
1 0.8 0.0 0 0.7 
2 0.6 1.0 0 0.5 
3 1.3 −0.1 0 1.3 
4 1.3 0.0 0 1.2 
5 1.5 0.1 0 1.5 
6 1.6 0.0 0 1.5 

The changes are given as the differences between the baseline and the emission sce-
nario for the six marine areas defined in Figure 2. The largest changes are seen for NO3. 
The differences between the inputs from the different catchments are mainly driven by 
differences in agricultural land use. In catchments with a high share of agricultural land 
use, the scenario with increased N concentration in slurry leads to higher N loads than in 
the other catchments. 

Although primary production in Limfjorden is believed to be N, limited especially 
during summer, the minor increase (<2%) in nitrogen loading only had minor effects 
(<1.5%) on chlorophyll a concentrations and negligible effects (<0.5%) on light attenuation 
(Table 7). 

Table 7. Percentage changes in summer chlorophyll a concentrations and light attenuation in the 
different areas of Limfjorden that are due to changes in nutrient input in the scenario. No data indi-
cate that nitrogen load was not selected as a controlling variable. 

Marine Area Chlorophyll a  Light Attenuation 
1 0.75  
2   
3 0.6 0.24 
4 1.4 0.27 
5   
6 1.3  
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The results indicate that chlorophyll a responds more strongly on changes in nutrient 
loadings compared to light attenuation, which is not surprising since light attenuation is 
often influenced by a variety of parameters, whereas chlorophyll a is more directly linked 
to eutrophication. There were minor differences between the sub-basins, reflecting differ-
ences in both loadings and sensitivity. 

3.3. Changes in N Input into Lake Kjelstrup and Tjele and Effects on Freshwater Ecosystems 
The nitrogen nutrient loads to both lakes were adjusted according to changes simu-

lated with the SWAT model (Table 6). As expected, the effects of minor changes in nitro-
gen load on the two Danish freshwater lakes, in which the primary producers for the ma-
jority of a year are considered phosphorus-limited, are negligible. Changing the annual 
external nitrogen load by 1.6% resulted in changes in annual average chlorophyll and sub-
merged macrophytes by <1‰. 

3.4. Costs of Abating Nr with Acidification 
The total cost of the emission scenario is estimated to be EUR 231 million, including 

both barn acidification in cattle and pig production and air purification in poultry pro-
duction. As mentioned in Section 2, acidification will increase the nitrogen (N) efficiency 
of the manure, which is used as fertilizer, and this increased efficiency is measured as a 
saving in the costs of commercial fertilizer. As mentioned, the reduced costs include both 
N fertilizers and sulfur (S). Therefore, the fertilizer value of the slurry increases when acid 
is added, as a larger share of the N stays in the manure when acidified. In addition, the 
added S increases the fertilizer value of the manure. This value of the added S depends 
on crop choice and is therefore assumed to differ between pig and cattle livestock farms 
because the crop composition differs on those farm types. Accounting for value added by 
the increased content of N in manure, as well as the added amount of S, the actual oper-
ating costs are reduced, even if there are costs for purchasing the sulfur for the acidifica-
tion. This can be seen from the first and second rows in Table 8. The adjusted total cost is 
EUR 181 million, corresponding to a unit price of 8.8 EUR/kg−1 N, where the lowest costs 
per kg N are found for air purification in poultry (4.2 EUR/kg−1 N) and the highest costs 
per kg N are found for cattle and pigs (11.2 EUR/kg−1 N), i.e., an equal cost-effectiveness 
ratio for these productions. 

In comparison, [66] estimated a cost-effectiveness ratio between 3–7 EUR/kg−1 NH3-
N for ammonia abatement by acidification in Denmark, and barn acidification was in-
cluded. The assumptions related to these estimates are not quite clear, but differences in 
the assumption of the distribution of farm sizes might be an important difference, as the 
costs are high for the smaller farms. 

Table 8. The abatement costs for the scenario: total costs and costs distributed across the different 
animal types. 

 Total Costs Poultry 
(Air Cleaning) 

Cattle 
(Acidification) 

Pigs 
(Acidification) 

Cost (EUR, Million) 231 76 94 129 
Cost incl. the value of 

N and S (EUR) 
181 56 79 96 

Cost-effectiveness 
ratio (EUR/kg N) 8.8 4.2 11.2 11.2 

4. Discussion 
4.1. Reducing Ammonia Emissions 

Regulation has led to significant reductions in emissions of many key air pollutants, 
while only small reductions or even increases have been seen for NH3 globally and in 



Agronomy 2023, 13, 283 13 of 20 
 

 

Europe [18,67]. On top of that, the direct emission of NH3 from agricultural activities has 
been projected to increase in a warming climate [68], underlining the importance of im-
plementing additional measures to also obtain reduced emissions in the longer time 
scales. As most terrestrial ecosystems are highly vulnerable to Nr deposition [9], there is 
an urgent need to reduce NH3 emissions as close to the source as possible, and in this 
respect, manure acidification and especially air cleaners are efficient mitigation measures. 

In addition to the impacts on ecosystems, emissions of NH3 are also related to impacts 
on human health. Exposure to NH3 and NH4+ has, e.g., been shown to increase the risk of 
developing asthma in childhood [69]. More importantly, NH3 adds to the formation of 
secondary fine particulate matter within the atmosphere, which is linked with both mor-
bidity and mortality [70,71]. It has been estimated that about 220 premature deaths each 
year in Denmark can be associated to air pollution related to the national agricultural sec-
tor [72]. 

As manure acidification as an NH3 abatement technique potentially affects several 
environmental matrices (soil, air, fresh water and marine systems), proper assessment re-
quires a holistic assessment system encompassing the relevant matrices. For this study, 
we have created the DEEMON modeling chain, allowing for running emission scenarios 
and tracing the effects through atmospheric deposition and land run-off to effects in ter-
restrial, freshwater and marine recipients. Our scientific hypothesis was that this ap-
proach can lead to “pollution swapping”, where abatement measures leading to, e.g., re-
duced NH3 emissions into the atmosphere can potentially lead to increased N loadings in 
other parts of the environment. The model scenario results revealed that manure acidifi-
cation and air cleaners reduced NH3 emissions in Denmark by 40% compared to the actual 
agricultural practice (with no NH3 abatement) in 2012. This led to a reduction of approxi-
mately 17% in the total N deposition in the Limfjord catchment area and had significant 
positive effects on sensitive terrestrial ecosystems. For forests, dunes and heaths, the mod-
eled N deposition got below the critical level, so that significant reductions were seen in a 
number of areas where the critical loads are exceeded. However, for the most sensitive 
nature types (mires, bogs and fens), the critical loads were still exceeded. When moving 
on to the aquatic environment, our analysis showed that the scenario only led to a small 
(<2%) increase in the nitrogen loading in lakes and marine environments in the Limfjorden 
catchment, with either negligible negative environmental effects (lakes) or minor negative 
effects (coastal areas, Table 7). Hence, for this test case, manure acidification did not in-
duce any significant nitrogen pollution swapping and our hypothesis proved wrong. This 
is supported by a recent study by [73], showing that application of acidified slurry did not 
increase nitrate leaching compared to slurry injection under Mediterranean conditions. 

4.2. Other Side Effects 
There might, however, be other potential side effects of using manure acidification 

as an ammonia emission abatement measure. As current manure acidification technolo-
gies involve acidification with H2SO4, this results in reduced manure and soil pH (short 
term for soil) and a potential increase in sulfur. Reduction in manure pH has been shown 
to affect rates and pathways of microbial organic matter degradation [74,75]. As most en-
zymes and microorganisms are pH sensitive, the enzymatic and microbially controlled 
degradation of slurry and soil organic matter will be affected as a result of lower pH. This 
will often result in a higher content of large, dissolved organic compounds and lower con-
tent of non-dissolved and small, dissolved organic compounds. Changes in degradation 
patterns are, however, likely to be relevant only for long-term storage tank acidification 
and less relevant for acidification in field application [75]. Although manure acidification 
affects degradation patterns and, thus, likely the microbial community, there are no clear 
evidence of changes in the microbial composition in either acidified slurry [75] or in soil 
after application of acidified slurry [76] compared to non-acidified slurry. 

The addition of substantial amounts of H2SO4 to the soil will likely increase the SO4-
S soil pore water concentration as documented by [76]. The environmental implications 
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are so far not well-documented. A few studies have indicated that sulfuric acid increases 
the fertilizer value of manure [77] as plants cannot efficiently use nitrogen in the absence 
of sulfur [78,79], but it also increases the risk of odor from sulfur compounds [76]. In ad-
dition, excess sulfur is prone to leach from agricultural soils, even from soils with good 
adsorption capacity [76], with adverse effects in eutrophic lakes. In these lakes, sulfate will 
be reduced to hydrogen sulfide in the lake sediments, eventually leading to the dissolu-
tion of ironbound phosphorus and thereby increasing eutrophication [80]. 

4.3. Assumptions and Uncertainties 
The individual models have been applied in other studies, e.g., as part of the moni-

toring of the environment in Denmark [81–83], but only a modeling chain such as the 
DEEMON system allows for a consistent evaluation from management regulation to en-
vironmental effects. In the following, we discuss the main underlying assumptions and 
uncertainties related to the model chain and the scenarios. The model system is based on 
(semi-) steady state assumptions, where potential time lags between implementation of 
measures and environmental effects in lakes and coastal waters are largely ignored. Sig-
nificant time lags can, however, be expected as changes in agricultural systems are not 
immediately reflected in the nutrient loadings. In addition, responses in the environmen-
tal conditions of lakes and coastal waters following changes in nutrient loading may also 
be prolonged. The length of the time lag from the agricultural system to changes in nutri-
ent loadings depend on the size and type of the catchment, including the age of the 
groundwater, and transport time lags have been found to mask trends in N loads follow-
ing changes in agricultural systems in large river basins [84,85]. However, for smaller 
sandy and loamy Danish catchments, [86] found by particle tracking in a 3D groundwater 
model that the median age of oxidized groundwater input to stream water was less than 
one year. They also showed that the model could not recreate the long groundwater travel 
times in the chalk catchments found in the southeastern part of the Limfjord catchments. 
Although marine and coastal ecosystems show signs of recovery after decreasing trends 
in nutrient loadings [87], significant time lags (or hysteresis) can be expected [88] resulting 
from long-term accumulation of organic matter and reduced compounds [89], as well as 
from deterioration of habitats and food webs. 

All parts of the applied modeling chain are associated with significant uncertainties, 
and in the current setup, we focus on a specific case study area and scenario results based 
on a single meteorological year. As described above, we apply state-of-the-art models that 
are continuously evaluated using long-term (up to 30 years) monitoring data, reducing 
the risk of model bias. The scenario used to assess the impact of manure acidification is 
based on the meteorological year 2009 and the impact of the applied meteorological year 
for the atmospheric deposition was assessed by comparing it to other years. Here we find 
that the modeled atmospheric deposition (wet and dry) for the Limfjord area is within 4–
6% of the average dry and wet deposition for the period 2005–2014. As we mainly focus 
on the differences between two scenarios, we believe that it is reasonable to assume that 
the results are robust and can be generalized to other years. In the Limfjorden catchment, 
atmospheric N deposition only constitutes a minor (<5%) part of the total nitrogen input 
into lakes and coastal waters. Hence, impacts of decreased atmospheric N deposition that 
are due to manure acidification are negligible and not expected to counteract the increase 
in riverine N input. For surface waters less affected by riverine N input, atmospheric N 
deposition might be important, and here, reduced N deposition is expected to have a pos-
itive environmental effect despite a minor increase in riverine N input. 

The expected environmental effects of manure acidification are, to a large extent, de-
termined by the sensitivity of atmospheric N deposition relative to the sensitivity of riv-
erine N inputs. Hence, the scenario results from the Limfjorden catchment can be consid-
ered a “worse case” example of the impacts of pollution swapping caused by manure 
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acidification. In less-eutrophied surface waters mainly affected by atmospheric N deposi-
tion, manure acidification will not only improve terrestrial environments but might also 
improve the environmental condition of lakes and coastal waters. 

The cost-effectiveness ratio for acidification and air cleaning is between EUR 4–11 per 
kg N. As these technologies are not yet mature and widespread, the costs can be expected 
to decrease as the technology is more widely taken up. The cost-effectiveness ratio is 
somewhat higher than former estimated costs and this can be explained by both differ-
ences in the approach, where attention is paid to the economics of scale here, and also by 
differences in the effects on ammonia emissions, which are modeled in a detailed manner 
here. Only 150 barn acidification tanks were established in Denmark in 2020 [90], which 
makes our cost estimates somewhat uncertain. Air cleaning is, however, becoming more 
widely used, and in the Netherlands 46% of pig farms had this technology installed in 
2015. Moreover, this technology will be required on large pig farms in Schleswig-Holstein 
[65,66,91]. The costs of air cleaning are increasing with cleaning efficiency, so that 100% 
cleaning is much more expensive than lower cleaning efficiency [90]. 

The emission scenario is based on existing and well-tested acidification technologies 
addressing barn acidification, as well as on existing air cleaning systems for poultry farms. 
Hence, the scenario covers realistic reductions in NH3 emissions targeting the main types 
of animal houses in Denmark. Further ammonia emission reductions could be achieved 
by, e.g., combining air cleaning in pig houses with acidification in slurry tanks. Such a 
scenario is, however, seen as more unrealistically costly and therefore not included here. 

5. Conclusions 
By combining existing models, we have set up a holistic system for evaluating the 

potential positive and negative effects of abatement measures in the agricultural sector. 
As a test case, the system was set up for the Limfjord and the surrounding catchment in 
Denmark, where the combination of intensive agriculture and sensitive marine and ter-
restrial ecosystems represents a region where the cascading effects of reactive nitrogen 
need to be fully described. Environmental management in such regions is typically di-
vided into the various forms and compartments of Nr. Our scientific hypothesis was that 
this approach can lead to “pollution swapping”, where abatement measures leading to, 
e.g., reduced NH3 emissions into the atmosphere can potentially lead to increased N load-
ings in other parts of the environment. 

We tested this by setting up an emission scenario assuming manure acidification and 
air cleaners in the agricultural sector in Denmark and estimating the effects on terrestrial 
and aquatic ecosystems. The emission scenario was evaluated in comparison to the actual 
management practice in 2012. The scenario resulted in reduced NH3 emissions (40% lower 
than the annual national total for 2012) and, hence, to significant reductions in nitrogen 
deposition across Denmark. For the Limfjord region, this led to significant reductions in 
the areas where critical loads for terrestrial ecosystems are exceeded. Increased N content 
in the applied slurry in the scenario run led, however, only to very small changes (<2%) 
in the N load within the catchment and, hence, to very small changes in the environmental 
parameters in the aquatic ecosystems. The increased content in the applied slurry could, 
though, be compensated for through a decrease in the application of chemical fertilizers. 
In the marine systems in the Limfjord, the chlorophyll a concentrations and light attenua-
tion were estimated to change by less than 1.5%. In the two freshwater lakes within the 
catchment, the effect of the increased N load was also estimated to be insignificant. We 
can thereby conclude that for this test case our hypothesis proved wrong. The suggested 
abatement measures resulted in reduced impacts on terrestrial ecosystems, while the in-
creased N load in the aquatic systems was so small that the potential negative impact on 
the aquatic ecosystems was very limited. By assessing the costs related to investment and 
the operational costs for acidification and air cleaning, a cost-effectiveness ratio on the 
order of EUR 4–11 per kg N was found. The DEEMON modeling chain nevertheless 
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proved operational and can now be used to test other scenarios and relevant abatement 
measures in the future. 

The current model scenario also illustrates that the combination of manure acidifica-
tion and air cleaners is a highly effective mitigation measure that, if implemented at the 
national scale, could significantly reduce the emission of ammonia into the atmosphere. 
Even if this is shown to reduce the related negative impact on the terrestrial ecosystems 
in the test region, the critical loads for the most sensitive ecosystems are still exceeded. 
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