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Abstract
In the Netherlands, the dairy sector contributes roughly 50% to the ammonia emission of the
agricultural sector. Ammonia emission causes eutrophication and acidification of vulnerable
nature. Current innovative floors reduced ammonia emission, but not enough. This study explored,
by means of simulation, the ammonia emission reduction of an innovative type of air scrubber
existing of an acidified water curtain, consisting of free falling droplets of a sulphuric solution
(pH 3), in the ventilation openings of a naturally ventilated dairy cow house. Based on a full year
simulation, the emission reduction induced by the water curtain was estimated for a dairy cow
house with 120 cows. The sensitivity of ammonia removal efficiency was determined for the
parameters, height of the vents, water flow and distribution, pH of washing fluid, ammonia source
strength and type of vents where scrubbing was active. The most important parameters for
ammonia removal were retention time, contact area and acidity of wash water. The water curtain
reduced the emission up to 60% yearly, and can be combined with other solutions to further reduce
ammonia emission if needed. Validation of the models and testing of suggested designs is needed.
Keywords: ammonia emission, dairy, natural ventilation, low pressure air scrubber, water curtain
1. Introduction
In the Netherlands, agriculture is the main source of ammonia emission. Fifty percent of this
source is originating from the dairy sector, of which roughly half is emitted from the housing
systems and manure storages. Ammonia emission may cause eutrophication and acidification of
vulnerable nature. Since 1990 the total emission originating from dairy farming was strongly
reduced, mainly by novel slurry application techniques (Webb et al., 2010). Other innovative
measures like low emission floors (Groenestein et al., 2011), automatic controlled natural
ventilation (Samer et al., 2012; Steinemann et al., 2014), and reducing rumen-degradable proteins
in diet of the cows (van Duinkerken et al., 2005) do not reduce the ammonia emission below 3 kg
per cow per year. So, other measure and options are needed.
In this research we explored by means of a model study and small experiments the potential
of a low pressure air scrubber as an abatement measure for ammonia emission while preserving
natural ventilation and open side-walls of the dairy cow houses. Generally, three types of air
scrubbers can be distinguished, chemical air scrubbers, biological air scrubbers, and spray towers
(Melse and Ogink, 2005; Hadlocon et al., 2014; Van der Heyden et al., 2016). An acidified water
curtain with a working principle close to that of a spray tower, so without packing material, might
work as an air scrubber in combination with natural ventilation (Hadlocon et al., 2014). Our model
study aimed to determine the potential of this idea by estimating the annual ammonia removal
efficiency of an acidified water curtain implemented in the outlet openings of a dairy cow house.
2. Materials and methods
2.1. Design of the water curtain
We designed the water curtain for our simulation study with the help of a detailed tree of
objectives (addressing safety of animals, environment and humans, and effectiveness) that were
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transferred and used for a quantified and specific brief of requirements. Most important
requirements were a max. pressure drop of 1 Pa by the water curtain, a minimum empty bed
retention time of 0.4 s and at least 8 m2 contact area per m ventilation opening to reach at least
60% reduction of ammonia emission. Based on lab tests, the droplet size of a curtain was set at a
minimum of 500 µm to minimize drift below 3.3% at an air speed of 1.45 m s-1.
2.2. Modelling the water curtain system
The transfer of ammonia molecules in the air into the acid liquid and physical aspects of the
water curtain were described with chemical-physical equations based on literature of (Melse and
Ogink, 2005), in particular the two film theory, Fick’s law, and Henry’s law (Coulson et al. (1996);
Satter (1996) and van Lenthe (2008)). Potential evaporation from the water curtain was
determined theoretically using Penman (1948) for open surfaces restricted by adiabatic cooling at
wet bulb temperature. A detailed description of the equations of ammonia transfer and wash water
control can be obtained from the corresponding author.
2.3. Modelling the dairy cow house
The Climsim model (Van 't Ooster, 1994; Van Loon et al., 2007) is a dynamic finite element
indoor climate model for naturally ventilated monospaced buildings. It was used in this study to
determine the natural ventilation rates and gaseous emissions from a dairy cow house. Several
simplifications of the real life situation were made, e.g. ammonia source strength is assumed to
be uniformly distributed in space and time. Inputs of Climsim were housing specifications
(building dimensions and materials), outdoor weather data (temperature, humidity, wind speed,
wind direction and solar radiation), and animal heat, vapour and CO2 production. The ventilation
mechanism simulates pressure differences and air flow rates for each opening of the cow house.
The model was extended in order to implement the effect of an acidified water curtain. A
predefined source strength of ammonia volatilized from the cow house floor was used to
determine the ammonia emission. The ammonia mass balance (Eq. 1) was used to find the
concentration of ammonia inside the cow house. It was assumed that ammonia was perfectly
mixed within the house volume.
𝑑𝐶𝑁𝐻3,𝑖𝑛
(1)
𝑉∙𝜌∙
= 𝜙𝑎𝑖𝑟,𝑖𝑛 ∙ 𝜌 ∙ 𝐶𝑁𝐻3,𝑒𝑛𝑣𝑖𝑟 + 𝑀𝑝𝑟𝑜𝑑 − 𝜙𝑎𝑖𝑟,𝑜𝑢𝑡 ∙ 𝜌 ∙ 𝐶𝑁𝐻3,𝑖𝑛
𝑑𝑡
With 𝑉 the cow house volume (m3), 𝜌 air density (kg m-3), 𝜙𝑎𝑖𝑟,𝑖𝑛 the inlet airflow (m3 s-1),
𝐶𝑁𝐻3,𝑒𝑛𝑣𝑖𝑟 the ammonia concentration outside (kg kg-1), 𝑀𝑝𝑟𝑜𝑑 the ammonia volatilized from
floor and manure pit (kg s-1), 𝜙𝑎𝑖𝑟,𝑜𝑢𝑡 outgoing airflow (m3 s-1), 𝐶𝑁𝐻3,𝑖𝑛 the inside ammonia
concentration (kg kg-1). Multiplying the airflow in each opening (𝐼, 𝐽) at each time 𝑡 by the
concentration corrected for opening specific washing efficiency 𝜂(𝐼, 𝐽, 𝑡), results in the emission
per opening (Eq. 2). In this equation 𝐼 defines the opening number in length direction and 𝐽
defines the opening number across the cow house, being sidewalls and ridge. For each time step,
the ammonia emission of the cow house was calculated by summing the emission of the individual
openings (Eq. 3). Total ammonia emission during the simulated period [𝑡0 ; 𝑡𝑓 ] was found by
numerical integration of the emissions per time step (Eq 4).
𝐸(𝐼, 𝐽, 𝑡) = 𝜌(𝑡) ∙ 𝜙𝑎𝑖𝑟,𝑜𝑢𝑡 (𝐼, 𝐽, 𝑡) ∙ 𝐶𝑁𝐻3,𝑖𝑛 (𝑡) ∙ (1 − 𝑢 ∙ 𝜂(𝐼, 𝐽, 𝑡))
𝐽

(2)

(kg s-1)

(3)

(kg)

(4)

𝐼

𝐸(𝑡) = ∑ ∑ 𝐸(𝐼, 𝐽, 𝑡)
1

(kg s-1)

1

𝑡=𝑡𝑓

𝐸 = ∑ 𝐸(𝑡) ∙ Δ𝑡
𝑡=𝑡0

The model determines whether an opening is an inlet, outlet or a combined inlet and outlet
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(in-outlets). The user may select which openings to wash: all openings, outlets only, outlets plus
in-outlets or no opening at all. The acidified water curtain was switched on and off when an
opening changes status or when wind speed was too high by means of control 𝑢. A counter for
each opening recorded the water curtain activity. The starting and stopping process itself was
assumed to be instantly. The equations defining the efficiency of the acidified water curtain
(Section 2.2), were clustered as one function. For buffer control constant pH was applied. Finally,
an estimation of operational variable costs was made.
2.4. Case study: housing characteristics, sensitivity analysis and scenarios
For the model calculations, a time step of one minute was applied. Every hour, the requested
output was logged including hourly ammonia emission, inside and outside temperatures, air
density, relative humidity, ventilation flow, ammonia emitted and ammonia captured. A full year
was simulated to find hours of low ventilation, ventilation rates and ammonia emission per cow.
A rectangular building with gable roof for 120 cows was simulated (Figure 1). The building
was split in 13 sections in the length direction to generate 26 side openings. No ridge opening was
considered in the default model settings. Since, due to thermal buoyancy, a ridge opening
improved the ventilation at low wind speeds, one scenario with a non-washed ridge opening was
simulated. Doors were assumed to be closed and the roof to be insulated. The flow resistance of
openings was set to 3 for the side openings and to 6 for the optional ridge.
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Figure 1 The layout of the simulated dairy cow house with 136 cubicles (2.8 m by 1.15 m), and
two automatic milking systems. The feeding alleys were 4 m wide. The side walls were 1.5 m
high with a 2.5 m opening. Eaves height was 4 m, roof slope 20°, ridge height 9.46 m.
For the outdoor climate, a statistically representative dataset with weather data per hour for
one complete year was used (Breuer and van de Braak, 1989). The cow house was located in
Wageningen, NL with a North-South ridge orientation, which was favourable for the ventilation
due to wind. No shading objects were taken into account and background ammonia concentration
was neglected. Total heat production of the herd was estimated at 165 kW, based on milk yield
23.85 kg per cow per day and body weight 650 kg (Saltvik et al., 1999). A default ammonia
source strength of 13 kg per year per cow was assumed, equally distributed over time.
The acidified water curtain was applied in outlets or in-outlets. The water curtain was either
nozzle based or a rain ceiling. A nozzle sprayed in an angle of 80° and had a 2 bar water pressure
drop, a water flow of 0.0741 L s-1 and an estimated initial velocity of droplets of 1 m s-1. A buffer
volume of 10 m3 acidified water was installed and controlled for a constant pH of 3. Other building
modifications such as drift collecting gutters or spraying ceilings were not considered to affect
the ventilation nor the water curtain efficiency. Drift was assumed zero.
Only the variable costs (electricity used to pump water through the nozzles (0.0577 € kWh-1),
sulphuric acid (98%) use for the washing fluid (3.69 € L-1), and water (0.562 € m-3)) were taken
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into account. Liquid disposal costs or investment costs of the system were not taken into account.
With respect to the efficiency of the acidified water curtain, only the result of the mechanistic
scrubber model is presented. The washing efficiency was determined for each opening and each
time step. Both the yearly mean and variation in the washing efficiency were computed.
To verify the functioning of the model, a one-at-a-time sensitivity analysis was done. The
single effect of changing the following input variables was analysed: pH of the water (2-6), initial
water velocity (0-3 m s-1), water curtain width, opening types with active curtain, opening height,
ammonia source strength (5-13 kg y-1 per cow), and a non-scrubbed ridge opening 21.6 cm wide.
If not more than six fluctuations in opening status occurred per hour, the acidified water
curtain was switched off in case when the opening was an inlet. Two additional strategies were
simulated: 1) all cow house openings were scrubbed, and 2) only outlets were scrubbed. These
simulations were compared to the results of the simulation with default settings for resource use.
Two scenarios were defined, one aiming for maximum reduction of ammonia emission and
one aiming to minimize costs. To ensure a suitable climate for the animals, the opening height
was increased to 2.8 m. To increase efficiency, the number of nozzles was doubled to 30 per meter
of opening. In the second scenario the costs were reduced by reducing the number of nozzles to 5
per meter of opening and only outlet openings were washed instead of both outlets and in-outlets.
One of the key features of the acidified water curtain is the nozzle setting. In order to provide
insight in the effect of the nozzle settings, four alternative nozzle settings were tested. Two work
pressures for the Teejet XR8015 nozzle, 1 bar and 3 bar (Teejet Technologies, 2014), each with
its estimated settings for liquid flow, droplet size and start velocity (Table 1).
Table 1 The estimated nozzle settings for four alternative scenarios. Low and high pressure
represent operational pressure of the XR8015 nozzle, while droplet ceiling, low and high flow,
specify the settings for a conceptual low pressure water curtain.
Nozzle settings

Default

Low
pressure

High
pressure

Droplet
Droplet
ceiling,
ceiling,
high flow
low flow
Pressure
2
1
3
0
0
bar
Flow per nozzle
0.0741
0.056
0.1
7.7∙10-4
3.8∙10-4
L s-1
Start velocity
1
0.5
3
0.2
0.2
m s-1
Droplet size
500
650
400
1200
1200
µm
Number of nozzles
15
12
24
3000
3000
Also, two scenarios for a low pressure droplet ceiling were simulated. This ceiling has 3000 holes
spread over an area of 1 m by 0.3 m. A water flow of 7.7∙10-4 L s-1 or 3.8∙10-4 L s-1 results in
approximately 8 m2 or 4 m2 of contact area, in case droplets have a diameter of 1200 µm.
3. Results and Discussion
3.1. Scenario results
Table 2 shows the simulation results for the default model settings versus the scenarios with
high reduction of ammonia emission and low cost. Default settings reduced ammonia emission
by 56%, from 13 to 5.7 kg per cow per year. The efficiencies per opening had an average of 65%,
with a standard deviation of 20%. The goal to reduce emission with sixty percent was almost
reached. The electricity demand to pump the water through the system was 9 ∙ 105 MJ (or 242
kWh per thousand litre milk), almost three times the current electricity usage in dairy cow houses
with an automatic milking system. Controlling the buffer water for a constant pH of 3 resulted in
acceptable water usage for nitrogen discharge. If acid was added till the maximum amount of
allowed salinity threshold of 58.8 g [N] L-1 was reached, a buffer of ten cubic meter dissolved
715 kg of ammonia. In case of a constant pH, the buffer was only refreshed once and it is therefore
a good method to store the captured ammonia. For default settings, the acid usage (H2SO4) was
∙4∙

Int. Symp. on Animal Environ. & Welfare

Oct. 21–24, 2019, Chongqing, China

2515 kg y-1. The operational costs were estimated at €22.66 per kg reduced ammonia emission
and 1.9 euro cents per litre milk produced. The number of changes in opening status was
simulated. Only in 16% of the time, openings changed status 1 or more times per hour and never
4 or more times. Controllability of the curtain was not at stake.
Table 2 Output of 3 simulations of one year with default model settings (a), the high reduction
scenario (b), and the low costs scenario (c). In (b) outlets and in-outlets were washed, 30 nozzles
per m opening, opening height 2.8 m. In (c) 5 nozzles per m opening, opening height 2.8 m.
Scenario
Hours of low ventilation
Max. ventilation rate per cow
Min. ventilation rate per cow
Ammonia captured (per cow)
Yearly average efficiency
Electricity usage
Acid usage (H2SO4)
Discharge volume
Evaporated volume
Costs per unit of captured NH3
Costs per litre of milk

Default
44
11512
116
873 (7.3)
56
896747
2515
20
462
22.66
0.019

High reduction
32
12897
101
1080 (9.0)
69
1819459
3109
20
979
33.43
0.035

Low cost
32
12897
101
348 (2.9)
22
212976
1001
10
133
15.95
0.005

Unit
h
m3 h-1
m3 h-1
kg y-1
%
MJ
kg
m3
m3
€ kg-1
€ L-1

The ‘high reduction’ scenario reached an efficiency of 69% and reduced the ammonia
emission per cow from 13 to 4 kg y-1. Compared to the default model settings the operation costs
increased due to the increased acid use and increased electricity usage to €33.43 per kg reduced
ammonia emission or 3.5 euro cents per litre milk. Minimizing costs by minimizing the water
curtain width resulted in a low efficiency of 22%, reducing ammonia emission per cow with no
more than 2.9 kg y-1. The costs were reduced to €15.95 per kg ammonia captured or 0.5 euro cents
per litre milk produced. The 2 bar pressure drop in the nozzles in the default simulation alone, is
responsible for an electricity usage of 215 kWh per 1000 kg milk or €14.62 per kg ammonia
captured. A strong reason to use low water pressure as well.
Regarding the efficiency, the high pressure nozzle, producing a lot of small droplets, was
effective but its operational costs were the highest. If a droplet ceiling with low water pressure is
effective in practice, this would be a good alternative to reduce operational costs. On the other
hand, the efficiency will be lower at equal water flow rate as shown in Table 3.
Table 3. Simulation output nozzle pressures of 1 bar (low) and 3 bar (high) for a Teejet XR8015
nozzle and for a droplet ceiling with high and low washing liquid flow.
Model settings
Ammonia captured
Yearly average efficiency
Electricity usage
Acid usage (H2SO4)
Discharge volume
Evaporated volume
Costs per unit of captured NH3
Costs per litre of milk

Low
pressure
811
52
601000
2336
20
461
18.11
0.014

High
pressure
935
60
1399000
2692
20
474
30.19
0.027

Ceiling,
high flow
664
43
203000
1912
10
448
11.18
0.007

Ceiling,
low flow
451
29
100000
1298
10
221
9.75
0.004

kg y-1
%
MJ
kg
m3
m3
€ kg-1
€ L-1

The simulations show that it is possible to scrub a significant percentage of the ammonia out
the ventilation air. The trade-off between costs for pumping the washing liquid and scrubbing
efficiency needs attention as well as the physical realization of the acidified water curtain.
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3.2. Sensitivity analysis
The simulations for scrubbing 1) all, 2) outlets only or 3) outlet and in-outlet openings showed
that washing outlets only, decreased the efficiency from 56% to 44%, also the evaporated volume
and operational costs decreased. Scrubbing all openings is not practical since no more ammonia
is captured but operational costs rise with over 1 € kg-1 ammonia captured.
Opening height: Decreasing the opening height of the default dairy cow house, led to lower
ventilation rates and increased scrubbing efficiency (Table 4). Openings of 1.5 m high or smaller,
lead to a considerable increase in the number of hours with a ventilation rate per cow below the
555 m3 h-1. But on the other hand, a washing efficiency increase of 5% to 9% was realised. Since
the opening height of 2.5 m show many hours with ventilation rate above 2000 m3 h-1 per cow,
limiting the ventilation for hours with high ventilation rates is recommended in case a cow house
with similar opening sizes is realized in practice. Therefore, ventilation control with wind mesh
curtains might be favourable for the inside climate and for the acidified water curtain efficiency.
Table 4 Results with four different opening heights. Low ventilation is less than 555 m3 h-1 per
cow. Number of hours the indoor climate exceeds thresholds not satisfying animals’ demands.
2.5
m
(incl. ridge)
Yearly average efficiency
59
61
64
68
50
%
Hours of low ventilation
44
193
1191
2211
33
h
Source strength: Changing the ammonia source strength in the model did not affect the yearly
average efficiency. A difference in costs per reduced unit of ammonia was observed, since
ammonia captured decreased more than the operational costs.
pH: A pH ranging from 2 to 6, showed a drop of two percent points in efficiency. The acid
usage decreased proportionally.
Ventilation: The calculated ventilation rate did not show a clear relation with washing
efficiency, however, the specific air flow in individual openings (kg s-1 m-2) did, as shown in
Figure 2. Low air speed was important both for washing efficiency and stability of the curtain.

Washing efficiency (%)

Opening height

2.5

2

1.5

1

100%
80%
60%

Efficiency opening 1

40%

Efficiency opening 2

20%

Efficiency opening 3

0%
0

1

2

3

4

Air flow through opening (kg s-1 m-2)
Figure 2 Efficiency of the acidified water curtain against the specific air flow in individual
openings (kg s-1 m-2). Efficiency of the first three openings on the West side of the cow house.
Evaporation: The water evaporated from the water curtain per day differed in time. Higher
summer time evaporation was related to solar radiation more than to higher temperatures.
Evaporation increased with radiation. In case no radiation was present, night time, the evaporation
was close to zero. Shading the water curtain could be an effective measure to reduce evaporation.
Initial droplet velocity: Increasing the initial velocity of the droplets reduced washing
efficiency from 59% at 0 m s-1 to 50% at 3 m s-1. A higher start velocity resulted in a smaller
airborne time of the droplets, which decreases the contact area. Less water usage and less acid
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usage decreased the cost, but the decreased washing efficiency caused the costs per reduced
ammonia to increase from 21.84 to 24.56 € kg-1 ammonia captured.
Water curtain width: The curtain width was adjusted by varying number of nozzle rows. Each
row of nozzles consisted of 5 nozzles per m with 0.1 m work width. Figure 3 shows the relation
between number of nozzles and yearly average efficiency and the operational costs per unit of
ammonia reduced. A higher number of nozzles, showed a higher yearly average efficiency, but
also higher operational costs caused by a higher consumption of acid and electricity. It can be
observed that the efficiency increase is asymptotic, while the costs increase was close to linear.
Therefore a trade-off shows with smallest distance between the curves at 10 to 15 nozzles per m.

35

Number of nozzles [-]
Yearly average efficiency
Costs per reduced ammonia

Figure 3 Average yearly washing efficiency (%) and the costs (€ kg-1) for captured ammonia
against the number of nozzles applied per one meter of acidified water curtain length.
4. Conclusion
The water curtain alone cannot serve as the only abatement measure to reduce ammonia
emission from dairy housing systems to less than 3 kg ammonia per cow per year. According to
the model, a yearly average efficiency of 60% is possible by implementing an acidified water
curtain. Experiments are needed to control drift and allow sufficient natural ventilation.
The spraying nozzle solution operated at a work pressure of 2 bar, initial velocity of 1 m s-1,
droplet size of 500 μm, and a flow of 0.0741 L s-1. The specifications of the simulated droplet
ceilings need validation, to indicate whether they are realistic. The model predicted up to 43%
removal efficiency for the droplet ceiling at lower operation cost.
Both outlets and in-outlets of a dairy cow house should be scrubbed. Running the water curtain
without ventilation control is not realistic, due to high ventilation rates and a clear benefit for the
scrubbing process of lowering ventilation rate. Decreasing the air speed through the acidified
water curtain increases removal efficiency. Smaller opening heights resulted in a lower ammonia
emission. No effect of the ammonia source strength was observed with respect to removal
efficiency. Water usage of the water curtain strongly increased when exposed to solar radiation.
Efforts to maximize removal efficiency increased operational costs per kg ammonia removed.
Increasing the contact area leads to a higher removal efficiency. A larger contact area is realised
by, increasing the wash water flow, decreasing initial velocity of the droplets and decreasing
droplet size. Increasing droplet size decreases drift. Decreasing contact area decreases theoretical
ammonia removal efficiency as well as evaporation rate. The water distribution system has a
major influence on the operational costs, caused by the operating pressure and the water flow.
Scenarios on water distribution settings, showed that a higher removal efficiency increased
operational costs. For nozzles spraying water, a removal efficiency of about 60% was simulated
at estimated operational costs of €23 kg-1 ammonia captured. A concept droplet ceiling showed a
removal efficiency of 30-43% and estimated costs of €9.75-11.18 € kg-1 ammonia captured.
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